Preface 


1. 


Coulomb’s Law and Electric Field 


Introduction 
Electric Charge 
Properties of Charge 


Conductors and Insulators 
Electroscope 
Charging of a Body 
Charging by Friction 
Charging by Conduction 
Charging by Induction 
Concept Application Exercise 1.1 
Coulomb’s Law 
Coulomb's Law in Vector Form 
Superposition Principle 
Comparison Between Coulomb’s Law and 
Newton's Universal Law of Gravitation 
Concept Application Exercise ].2 
Electric Field 
A Point Charge in an Electric Field 
Electric Field Due to an Isolated Point Charge 
Electric Field Due to a Point Charge in 
Vector Notation 


Graphical Variation of E on x-axis Due to a 
Point Charge 


Electric Field Intensity Due to a Group of Charges 1.14 


Concept Application Exercise 1.3 


Electric Field Due to Continuous Distribution of Charge 


Field of Ring Charge 
Electric Field Due to an Infinite Line Charge 
Field of Uniformly Charged Disk 
Field of Two Oppositely Charged Sheets 
Concept Application Exercise 1.4 
Lines of Force 
> Properties of Electric Lines of Force 
i 


: fferent Patterns of Electric Field Lines 
lectrostatic Shielding (or Screening) 


D 


1.12 
1.13 
Valo 
1.13 


1.13 


1.14 


1.18 


1.19 
].19 
1.20 
1.21 
].21 
1.26 
1.27 
1.27 
1.28 
1.28 


Motion of Charged Particle in 
Concept Application F 


Exercise 1.5 
Electric Dipole 


Electric Field Due to a Dipole 


Electric Field Intensity Due to a 
at a Point on the Axial Line 


Electric Field Intensity Due to an Electric Dipole 


at a Point on the Equatorial Line 


Electric Field Intensity Due to a Short Dipole 
at Some General Point 


Dipole in a Uniform Electric Field 
Torque 

Electric Dipole in a Nonuniform Electric Field 
Qualitative Discussion 
Quantitative Discussion 

Concept Application Exercise 1.6 

Solved Examples 

Exercises 
Single Correct Answer Type 
Multiple Correct Answers Type 
Linked Comprehension Type 
Matrix Match Type 
Numerical Value Type 

Archives 

Answers Key 

Electric Flux and Gauss’s Law 

Electric Flux 

Concept Application Exercise 2.1 

Gauss’s Law 

Field of a Charged Conducting Sphere 
Selection of Gaussian Surtace 
Electric Field Outside the Sphere 
Electric Field Inside the Sphere 

Field ofa Line Charge 
Selection of Gaussian Surtace 

Field of an Infinite Plane Sheet of Charge 
Selection of Gaussian Surface 


Field at the Surface of a Conductor 


Uniform Electric Field 


n Electric Dipole 


to ty Ie 
; 4. 


ta iv 
_ p= 
C © 


t o s ta te ly i 
e t : _ 
= 


iv Contents ——— 
Electric Field Due to a Charged Isolate Potential Energy of a System of Two iia. 


213 Charges in an External Field 


Conducting Plate a 3.14 
Field of a Uniformly Charged Sphere 2.15 Concept Application Exercise 3.3 31 
15 Electric Potential of Some Conti 
Selection of Gaussian Surface 2.1 Dei ulot ontinuous Charge 
: . . he S here 2.15 Is 3.18 
Electric Field Inside the sp a Charged Conducting Sphere 
Electric Field Outside the Charged Sphere = Non-Conducting Solid Sphere os 
js iformly Charged a 
ae Due to a Long Unttormly a 2.16 Outside the Sphere 3.20 
Inside the Sphere 32 
ic Fi ar Uniformly Volume Charged 20 
ses nee evn 2.17 Uniform Line of Charge 3.2] 
e , 
Field Inside the Plane 2.17 A Ring of . harge 3.27 
Concept Application Exercise 2:2 2.17 Charged Disk 3.23 
j 7 ' tat d Energy for a Continuous Distribution of Charge 3.23 
Force Acting on the Surface of a \-narge 2.19 Self-Energy of a Charged Spherical 
Condoom , i 546 Shell Sphere 3.23 
SANESE iii : Self-Energy of a Uniformly Charged Sphere 3.23 
Calculation of Solid Angle of a Random Surface n SE aadinteractia Enerey OF Two Spits 5 
at a Given Point l 
l HEN ) dwed 
Solid Angle of a Surface Not Normal to Axis — Field and Potential Due to Induce oo: 
of Cone 2.20 ne a io 
Relation in Half Angle of Cone and Solid Angle Earthing ah : 5 uctor 25 
at Vertex 2.20 Charge Distribution on a Conductor Surface 
i 2 
Solid Angle Enclosed by a Closed Surface 2.21 a mene! : 3.26 
, 222 ircular Motion oi a Charge 
>n venki i Particle in Electric Field 327 
p EARR T s 28 Concept Application Exercise 3.4 3.28 
oh l eu pon o 5 32 Potential Due to an Electric Dipole 3.29 
aes j E n _ a i“ z Ey Work Done in Rotating an Electric Dipole in 
a ° me ERTE SE js 37 a Uniform Electric Field 3.29 
ee ee a 7 Potential Energy of an Electric Dipole in 
Numerical Value Type 230 a Uniform Electric Field 3.29 
Archives 2.39 Concept Application Exercise 3.5 3.31 
Answers Key 2.43 Van de Graaff Generator 3.32 
3. Electric Potential 3.1-3.55 Solved Examples 3.32 
Introduction 3.1 Exercises 3.39 
Work Done to Move a Charge Single Correct Answer Type 3.39 
in an Electrostatic Field aA Multiple Correct Answers Type 3.44 
Potential and Potential Difference 3.2 Linked Comprehension Type 3.47 
Potential 3.2 Matrix Match Type 3.50 
Continuous Charges 3.9 Numerical Value Type 3.52 
Potential Difference 3.4 Archives 3.53 
Potential Difference in a Uniform Electric Field 3.4 Answers Key 3.55 
Equipotential Surface 3.6 4. Capacitor and Capacitance 4.14.02 
Concept Application Exercise 3.] 3.8 troduction 4] 
Finding Electric Field from Electric Potential 3.9 Capacitance 4.1] 
Concept Application Exercise 3.2 Le Isolated Conductor 4.1 
Electric Potential Energy 3.12 Capacitance of a Spherical Conductor or Capacitor 41 
Potential Energy of a System of Three Charges 3.13 System of Conductors 4.1 
Potential Energy of Charges in an External Electric Parallel Plate Capacitor 4.2 
File 3.14 Force Between the Plates of a Parallel Plate Capacitor 4.2 
Potential Energy of Single Charge in an Spherical Capacitor 4.3 
External Field 3.14 Cylindrical Capacitor te 


th 


a 


Pa eee 


__ “Charged Conductor or Capacitor 4.4 
~ pnergy Stored 1 ê 4.4 
Alterna , llel Plate Capacitor 
nsity in a Para 4.7 
Energ De Chaite 4 
sharing of f Charges on Connecting Two 
Distribution» tors 4.8 
d Capacl or 
Concept App"! 4.10 
Dielectric 4.10 
ization Vector . l 
Polarizat Between Polarisation Vector and 
Relation be 4.11 
Surface Charge Density o 
he Surface of Dielectric i 
d Charge on the a 
sae f Parallel Plate Capacitor with Dielectric 4.12 
acity ol ra 
= f Dielectric on Different Parameters 4.12 
aia lication Exercise 4.2 4.15 
C 4.15 
Combination of Capacitors i 
Capacitors Connected in Series | 
Finding Potential Difference Across the Capacitors 
Connected in Series 4.15 
Capacitors Connected in Parallel | 4.16 
Finding Potential Difference Across the Capacitors 
Connected in Parallel 4.16 
Finding Equivalent Capacitance 4.17 
Infinite Chain of Capacitors 4.22 
Concept Application Exercise 4.3 4.22 
Kirchhoff’s Rules for Capacitors 4.24 
Application of Kirchhoff’s Loop Rule ina Circuit 4.24 
Circuits Based on Wheatstone Bridge 4.26 
Extended Wheatstone Bridge 4.26 
Nodal Analysis of Capacitive Circuits 4.28 
Concept Application Exercise 4.4 4.29 
Problems Involving Plates 4.31 
Concept Application Exercise 4.5 4.33 
Force on Dielectric Slab 4.34 
Solved Examples 4.36 
Exercises 4.44 ` 
Single Correct Answer Type 4.44 
Multiple Correct Answers Type 4.51 
Linked Comprehension Type 4.54 
Matrix Match Type 4.56 
Numerical Valye Type 4.58 
Archives 4.60 
Answers Key 561 
, Electrice Current and Circuits 5.1-5.68 
Introduction 5] 
Electric Current 5] 
Statement of Ohm’s Law 5.1 
pendence of Resistance on Various Factors 5.2 
Change in Resistance 5.2 
Current Density 53 
Colour Coding and Tolerances for Resistances 5.5 


ET 


ee Aa 
a 


Concept Applicat 
Drift Velocity 


ee 
a o 


lon Exercise S.J 


Relation Between Drift 
Structural Model for 
Mobility 
Effect of Tem 

Temperaty 

Temperatu 


Velocity and Current 
Electrical Conductor 


perature on Resistivity and Resistance 
re Coefficients of Resistivity 


re Coefficients of Resistance 
Finding Coefficient of Resistance 


Validity and Failure of Ohm’s Law 
Concept Application Exercise 5.2 
Electromotive Force and Potential Difference 
Internal Resistance of a Cell 
Combination of Resistances 
Resistances in Series 
Voltage Divider 
Resistances in Parallel 
Current Divider for Two Resistances 
Current Divider for Three Resistances 
Calculation of Effective Resistance 
Short and Open Circuits 
Equipotential Points 
Electrical Symmetry 
Method of Equipotential Reduction 
Shifted Symmetry 
Path Symmetry 
Concept Application Exercise 5.3 
Kairchhoff’s Law for Electrical Networks 
Guidelines for Applying Kirchhoff’s Law 


Determination of Equivalent Resistance by 
Kirchhoff’s Method 


Balanced Wheatstone Bridge 
Concept Application Exercise 5.4 
Combination of Cells 
Series Grouping 
Parallel Grouping 
Mixed Grouping 
Superposition Principle 
Concepts | 
Nodal Method of Circuit Analysis 
Concept Application Exercise 5.5 | 
Charging and Discharging of a Capacitor 
Through a Resistance 
argin 
erik of the C apacitor—Other Approach 
Energy Dissipated While Charging 
Discharging of Capacitor | 
Energy Dissipated While Discharging aaa 
Charging a Capacitor Having Same Initi 


Equivalent Time Constant 


— Cotets v 


5.6 


Ai wn 
2 G2 We a 
4 R B N 


4+ 


(a 


tents 


Concept Application Exercise 5.6 
Solved Examples 
Exercises 
Single Correct Answer Type 
Multiple Correct Answers Type 
Linked Comprehension Type 
Matrix Match Type 
Numerical Value Type 
Archives 


Answers Key 


Electrical Measuring Instruments 
Galvanometer 
Ammeter 
Voltmeter 
Conversion of a Galvanometer into Voltmeter 
Concept Application Exercise 6.1 
Potentiometer 
Construction of Potentiometer 
Uses of Potentiometer 
Meter Bridge or Slide Wire Bridge 
Construction 
Checking of Connections 
Working 
Rheostat 
Concept Application Exercise 6.2 
Solved Examples 
Exercises 
Single Correct Answer Type 
Multiple Correct Answers Type 
Linked Comprehension Type 
Matrix Match Type 
Numerical Value Type 
Archives 


Answers Key 


6.1—6.36 
6.1 
6.1 
6.2 
6.2 
6.6 
6.7 
6.8 
6.8 
6.12 
6.12 
6.12 
6.12 
6.14 
6.14 
6.15 
6.21 
6.2] 
6.28 
6.30 
6.32 
6.33 
6.35 
6.36 


7. Heating Effects of occ OO À 
Heating Effects of Current 11-724 
Cause of Heating 1 
Heat Produced by an Electric Current 7 
Electric Power Produced in the Circuit K 
Units of Electric Energy and Electric Power i 
Concept Application Exercise 7.1] K 
Maximum Power Transfer Theorem a 
Some Applications i 
Concept Application Exercise 7.2 7 
Solved Examples i 
Exercises h 
Single Correct Answer Ti ey 
gle Correct Answer Type 7.14 
Multiple Correct Answers Type 7.18 
Linked Comprehension Type 7.19 
Matrix Match Type 7.20 
Numerical Value Type 7.22 
Archives 7.23 
Answers Key 7.23 
Solutions $.1-S.14 
Chapter 1 ~ S.1 
Chapter 2 S2 
Chapter 3 5.35 
Chapter 4 3.33 
Chapter 5 5.83 
Chapter 6 S.l; 
Chapter 7 S-13 
Appendix: 
Chapterwise Solved January 2019 
JEE Main Questions (All Sets) A.I-A. 


ie 


Co aw y 
„€ 4 vv 


a | a g A | 
7 A v ai | Eon q J 


INTRODUCTION 


Humans have known about electrical effects for thousands of 
years, and it is impossible to say as to when electricity was 
discovered. However, records show that the attractive properties 
of amber were known to Greeks as early as 600 BC. When amber 
is rubbed briskly with a cloth, it attracts and picks up small, light 
objects such as bits of feather or straw or even thin scraps of 
metal. The Greek word for amber is elektron, and it is from this 
root word that we get our word electricity. 

Static electricity can be observed in various ways. For 
example, when clothes are removed from a dryer, they cling 
together because electric charges are transferred between the 
clothes. When we brush our hair, both hair and brush become 
charged. The brush attracts dust or small bits of paper and our 
hair stand on their roots. All these phenomena result from the 
forces between charges at rest. This chapter and the next three 
chapters are devoted to electrostatics, which is the study of charges 
(i.e., electrons) at rest (1.e., static). 


ELECTRIC CHARGE 


Charge is the property associated with matter due to which 
it produces and experiences electrical and magnetic effects. 
It is known that every atom is electrically neutral, containing as 
many electrons as the number of protons in the nucleus. Charged 
particles can be created by disturbing the neutrality of an atom. 
Loss of electrons gives positive charge (as n,> n,) and gain of 
electrons gives negative charge (as n, > n,) to a particle. When 
an object is negatively charged, it gains electrons and therefore 
its mass increases negligibly. Similarly, on charging, a body with 
Positive electricity its mass decreases. Change in the mass of 
the object is equal to n x m,, where n is the number of electrons 
transferred and m, is the mass of electron. 


Note: The rate of flow of electric charge is called electric 
current, i.e., i = dQ/dt or dQ = idt. Hence, SI unit of charge 
1s ampere x second = coulomb (C). Smaller SI units are mC, 
HC, and nC (1 mC = 10° C, 1 HC = 10°C; 1 nC = 10° 
C). CGS unit of charge is stat coulomb or esu. Dimensional 
formula of charge is [Q] = [AT]. 


PROPERTIES OF CHARGE 


Charge is transferable: If a charged body is put in contact with 
an uncharged body, the uncharged body becomes charged due to 
the transfi 


er of electrons from one body to the other. 
„arge is always associated with mass: Charge cannot exist 
Without mass though mass can exist without charge. 


eee —— 


Charge is conserved: Charge can neither be created nor be 


destroyed. Some important observations regarding this law are 
as follows: 


e The net charge remains constant even though it may not 
be zero. 

e If the universe is considered as a whole, conservation of 
charge means that the net charge of the universe is constant. 

e This principle does not prohibit the creation and destruction of 
charged particles. However, because of charge conservation, 
charged particles are created and destroyed only in pairs with 
equal and opposite charges. 

e The law is also true for relativistic motion which means 
that the total electric charge of an isolated system is 
relativistically invariant. 

e On the basis of the evidence on the macroscopic scale, 
the principle is largely speculative, but there is ample 
justification for it on the microscopic scale. 

Invariance of charge: The numerical value of an elementary 
charge is independent of velocity. It is proved by the fact that 
an atom is neutral. The difference in masses on an electron and 
a proton suggests that electrons move much faster in an atom 


than in a proton. If the charges were dependent on velocity. the 
neutrality of atoms would be violated. 


Charge produces electric field and magnetic field: A 
charged particle at rest produces only electric field in the space 
surrounding it. However, ifthe charged particle is in unaccelerated 
motion, it produces both electric and magnetic fields. And if the 
motion of the charged particle is accelerated, it not only produces 
electric and magnetic fields but also radiates energy in the space 
surrounding the charge in the form of electromagnetic waves. 


Quantization of charge: When a physical quantity can have only 
discrete values rather than any value, the quantity is said to be 
quantized. The smallest charge that can exist in nature is the charge 
of an electron. If the charge of an electron (= 1.6 x 10°° C) is taken 
as elementary unit, i.e., quanta of charge, the charge on any body 
will be some integral multiple of e, i.e., Q =t ne with n= 1, 2. 3. 
Charge on a body can never be +2/3e, +17.2e. or +10° e. 
Additivity of charge; Total charge on a body 
is the algebraic sum of all the charges located 
anywhere on the body, While adding the charges, 
their sign must be taken into consideration. For 
example, if'a body has the charges 2C, —SC, 4C, 
6C, etc., then the total charge on body is 2-5+446=7C 
Note that charges are added like real num l 
direction. So charge is a scalar quantity. 


bers. They have no 


1.2 Electrostatics and Current Electricity 


CONDUCTORS AND INSULATORS 


In conductors, the valence electrons of the atoms, that 1s, the 
electrons in the outermost orbits are loosely bound. As a result, 
they can be easily removed from the atoms and moved about in 
the conductor, or they can leave the conductor altogether. That 1S, 
the valence electrons are not permanently bound to a particular 
atom. In insulators, however, even the loosest bound electrons 
are too tightly bound to be easily removed from their atoms. 
Thus, charge does not readily move through, nor it can be readily 
removed from, an insulator. 


ELECTROSCOPE 


It is a simple apparatus with which the presence of electric charge 
on a body is detected (see figure). When metal knob is touched 
with a charged body, some charge is transferred to the gold leaves, 
which then diverges due to repulsion. The separation gives a 
rough idea of the amount of charge on the body. If a charged 
body brought near a charged electroscope the leaves will further 
diverge. If the charge on body is similar to that on electroscope 
and will usually converge if opposite. If the induction effect is 
strong enough, leaves after converging may again diverge. 


(1) Uncharged electroscope 


Charging by conduction Charging by induction 


(a) (b) (c) 
(2) Charged electroscope 


one object to the other. The object that gains electrons become, 
negatively charged, while the object that loses electrons hag a 
excess of positive charge. Hence it is positively charged. The 
transfer of charge is due to the contact between the materials, and 
the amount of charge transferred depends, as we might Expect, on 
the nature of these materials. 


Because of conservation of charge, 
each electron adds negative charge 
to the silk and an equal positive 

charge is left on the glass rod. 
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If we hold a metallic rod (a conductor) in one hand and rub it 
with any material, the metallic rod cannot be charged. The reason 
for this is that the electrons can easily flow through the metal to 
our hand and then to the ground. However, if the metallic rod has 
a handle made of wood or glass and is rubbed while holding it by ` 
the handle, the rod will get charged. The handle prevents the flow - 
of electrons from the metal rod to the hand, hence to the ground. | 


CHARGING BY CONDUCTION 


Charging by conduction requires contact between two objects 
(see figure). Take two conductors, one charged and the other 
uncharged. Bring the conductors in contact with each other. The 
charge (whether positive/negative) under its own repulsion will 
spread over both the conductors. Thus, the conductors will be 


charged with the same sign. This is called charging by conduction 
(through contact). 
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Uncharged Charged 


Bodies in contact 


(a) (b) (0) 


Both are positively charged 


CHARGING BY INDUCTION 


Induction is a process by which a 
charged body can be used to create other 
charged bodies without touching them 
or losing its own charge. If a charged 


The neutral sphere has 
equal numbers of positive 
and negative charges. 


CHARGING OF A BODY 


It is possible to give a net charge to an object by different 
methods, all of which are said to involve electrostatic charging. 


CHARGING BY FRICTION 


When certain insulators are rubbed with cloth or fur, they become 
electrically charged by a transfer of charge (i.e., electrons). As the 
two objects are rubbed together, one object loses electrons while 
the other gains electrons; that is, there is transfer of electrons from 


body is brought near a neutral body, the 
charged body attracts opposite charge 
and repels similar charge present on the 
neutral body. If the neutral body is now 
earthed, the like charge is neutralized S eae 
by the flow of charge from earth, (a) 

leaving unlike charge on the body. Now the earthing and the 
charging body are removed leaving the initially neutral body 


charged. The whole process is shown step by step in the given 
figures. 


Coulomb's Law and Electric Field ; 1.3 


Some electrons leave t 
sphere through the gr 


Electrons redistribute when a 
charged rod is brought close, 


he grounded 
Ounded wire. 


The remaining electrons redistribute 
uniformly, and there is a net uniform 


distribution of Positive charge on the 
sphere. 


A glass rod is rubbed with a silk cloth. The glass rod acquires 
a charge of +19.2 x 10°C, 

(a) Find the number of electrons lost by glass rod. 

(b) Find the negative charge acquired by silk. 

(c) Is there transfer of mass from glass to silk? 
Given, m,=9 x 10°! kg. 


g Dix” 


e 16x10” — 

(b) Charge on silk is —19.2 X 107°C. 

(c) Since an electron has a finite mass (m, =9x10™" kg), there 
will be transfer of mass from glass rod to silk cloth. Mass 
transferred = 12 x (9 X 107) = 1.08 X 10° kg. 

Note that mass transferred is negligibly small. This is expected 
because the mass of an electron is extremely small. 


aes ict SS NR Nn CT 
ct made of substance 4 is rubbed with an object 
made of substance B, then 4 becomes positively charged and 
B becomes negatively charged. If, however, an object made of 
Substance 4 is rubbed against an object made of substance C, 
then 4 becomes negatively charged. What will happen if an 
object made of substance B is rubbed against an object made 
of substance C? 


(Sol) When 4 and B are rubbed, A becomes positively 
charged and B becomes negatively charged. It means electrons 
are loosely bound with A in comparison to B. When A and C 
are rubbed together, A becomes negatively charged and C 
Positively charged. It means electrons are loosely bound with C 
in comparison to A. Hence, electrons are most loosely bound in 
C. Soif Band Care rubbed together, C will lose electrons and B 
Will receive electrons. Hence, C will become positively charged 
and B will become negatively charged. 


touched and moved apart. Objects B and C are touched before 
they are moved apart. 
(a) If objects 4 and B are now held near each other, they 
will 
(a) attract (b) repel (c) have no effect on each other. 
(b) If objects A and C are held near each other, they will 
(a) attract (b) repel (c) have no effect on each other. 


Initially, 


YO © © 


+3 mC +3 mC -6 mC 


e When the objects 4 and C are allowed to touch and then 
moved apart: 


YO © OO 


3 


3 
[+3 mC + (-6 mC) = -3 mC] “3 mC “3 mC 


e When the objects B and C are allowed to touch and then 


moved apart: 
© O=© 


+3 mce -2 mc tant 2 ne er 
2 2 4 4 


(a) Hence, if A and B are now held near each other, they will 
attract each other. 


(b) If A and C are now held near each other, they will also 
attract each other. 


Figure shows that a positively charged rod is brought near two 
uncharged metal spheres A and B clamped on insulated stands 
and placed in contact with each other. 


ii 


(a) What would happen if the rod is removed before the 
spheres are separated? 


(b) Would the induced charges be equal in magnitude 
even if the spheres had different sizes or different 
conductors? 


(c) What will happen if the spheres are separated first and 
then the rod is removed far away? 


4.4 €lectrostatics and Current Electricity 


(a) When a positively 
free electrons in the sp 


charged rod is brought near A, the 

here A are attracted toward the rod 
and moved to the left side of A. This movement -~ 
unbalanced positive charge on B. If the rod is ae 
before the spheres are separated, the excess electrons on 
sphere A would flow back to B. Both the spheres will 
become uncharged. 

(b) Yes, net charge is conserved. Before the rod is brought near 
A, both A and B were neutral. They will remain so even if 
they have different sizes or materials. 

(c) If the rod is removed after the spheres are separated, then 
sphere 4 will have net negative charge and sphere B will 
have net positive charge of same magnitude as shown in 
figures. . 


Calculate the total positive (or negative) charge on a 3.11 g 
copper penny. Given Avogadro’s number = 6.023 x 10? g mol": 
for copper, atomic number = 29 and atomic mass = 63.5. 


The number of atoms in the penny is 


E «x 1073 
63.5 


Since each copper atom contains 29 protons (and 29 electrons), 
the total number of positive (or negative) charges on the penny is 
n = 29(0.295 x 1073) = 8.56 x 1073. 

Total charge (positive or negative) on the penny is 


Js.11=0.295 10° 


q = ne = (8.56 x 102)(1.6 x 107 C) 
=1.37x 105C 


An electron and a proton, initially separated by a distance d in 
air are released from rest simultaneously. The two particles are 
free to move. When they collide, are they (a) at the midpoint 
of their initial separation, (b) closer to the initial position of 
the proton, or (e) closer to the initial position of the electron? 


‘Sol. Because of Newton’s third law, the forces exerted 
on the electron and the proton are equal in magnitude and 
opposite in direction. For this reason, it might seem that the 
particles meet at the midpoint. The masses of the particles, 
however, are quite different. In fact, as the mass of the proton 
is about 2000 times greater than the mass of the electron, the 
proton’s acceleration (a = F/m) is about 2000 times less than 
the electron’s acceleration. As a result, the particles collide 
closer to the initial position of the proton. More specifically, 
they collide at the location of the center of mass of the system, 
which remains at rest throughout the process because there is 
no external force. 


CONCEPT APPLICATION EXERCISE | 


1. 


10. 


11. 


12. 


13. 


] 

(a) How many electrons are in 1 C of negative charge? 

(b) Which is the true test of electrification: attracti 
repulsion? 

(c) Can a body have a charge of 0.8x10 C? 


If only one charge is available, can it be used to Obtain a 
charge many times greater than itself in magnitude? 


(a) Can two bodies having like charges attract each 
other? (Yes/No) 

(b) Can a charged body attract an uncharged body? 
(Yes/No) 

(c) Two identical metallic spheres of exactly equal masseg 
are taken, one is given a positive charge q and the other 
an equal negative charge. Their masses after charging 
are different. Comment on the statement. 


A particle has a charge of +10°'C. 

(a) Does it contain more or less number of electrons as 
compared to the neutral state? 

(b) Calculate the number of electrons transferred to 
provide this charge. 


. An ebonite rod is rubbed with fur and is found to have a 


charge of —3.2 x 10°C on it. 

(a) Calculate the number of electrons transferred. 

(b) What is the charge on fur after rubbing? 

The electric charge of macroscopic bodies is actually a 
surplus or deficiency of electrons. Why not protons? 

A charged rod attracts bits of dry paper, which after touching | 
the rod often jump away from it rapidly. Explain. 


. Aperson standing on an insulating stool touches a charged 


insulated conductor. Will the conductor get completely 

discharged? 

Define the following statement: “If there were only one | 

electrically charged particle in the entire universe, the | 

concept of electric charge would be meaningless”. 

How many megacoulombs of positive (or negative) | 

charge are present in- 2.0 mol of neutral hydrogen gas. 

A polythene piece rubbed with wool is found to have a 

negative charge of 3 x 107 C. | 

(a) Estimate the number of electrons transferred (from | 
which to which)? | 

(b) Is there a transfer of mass from wool to polythene? 

Two identical conducting spheres, one having an initial 

charge +Q and the other initially uncharged, are brought 

into contact. 

(a) What is the new charge on each sphere? 

(b) While the spheres are in contact, a positively 
charged rod is moved close to one sphere, causing a 
redistribution of the charges on the two spheres, so the 
charge on the sphere closest to the rod has a charge 
—Q. What is the charge on the other sphere? 

Two identical conducting spheres are charged by 
induction and then separated by a large distance; sphere-1 
has charge +Q and sphere-2 has charge —Q. A third sphere 
is initially uncharged. If sphere-3 is touched to sphere-! 
and separated and then touched to sphere-2 and separated, 
what is the final charge on each of the three spheres? 


14. A table tennis ball covered 
with a conducting paint is 


suspended by a silk thread , +, E 

so that it hangs between two Om + = —L 

metal plates (see figure). + - = 
H a 


One plate is earthed. When the 


other plate is connected to a high voltage generator, what 
will happen to the ball. 


15. In 1 g ofa solid, there are 5 x 10?' atoms. If one electron 
is removed from each of 0.01% atoms of the solid, find the 
charge gained by the solid (given that electronic charge is 


1.6 x 107” C). 
ANSWERS 
1. (a) 6.25 x 10" (b) Repulsion (c) No 
2. Yes 
3.(a) Yes (b) Yes (c) Yes 
4. (a) Less (b) 6.25 x 10° 
5.(a)2x 10" (b) 3.2x10°C 8. No 10. 0.358 


11. (a) 1.875 x 10" (b) Yes; 1.7 x 10°’ kg 
0 -p -L 
13. 2 4 E] 4 
15. 0.08 C 
= _ 


COULOMB'S LAW 


Charles Coulomb measured the magnitude of electric forces 
between charged objects using the torsion balance. From 
Coulomb’s experiments, we can generalize the properties of the 
electric force (sometimes called electrostatic force) between two 
stationary charged particles. 

We use the term point charge to refer to a charged particle 
of zero size. The electrical behavior of electrons and protons is 
very well described by modeling them as point charges. From 
experimental observations, Coulomb showed that the electric 
force between two stationary charged particles: 


e is inversely proportional to the square of the separation r 


between the particles and directed along the line joining them; 
e is proportional to the product of the charges q, and q, on 
the two particles; 
e is attractive if the charges are of opposite sign and repulsive 
if the charges have the same sign. 
Thus 


3 


Fok 1 
K 


where k, is a constant called the Coulomb constant. The value 
of the Coulomb constant depends on the choice of units. The 
SI unit of charge is coulomb (C). The Coulomb constant k, in 
SI units has the value k,=9x 10° Nm? C7. This constant is also 
Written in the form k = 1/47e,, where the constant £, (Greek letter 
epsilon) is known as the permittivity of free space and has the 
value €, = 8.85 x 10"? C? N m” . Now we can write 


Pa l qq, 


e 


ATE, r? 


Coulomb’s Law and Electric Field 1.5 


Important Points: 


e The permittivity of a given medium is the measure of 
the fact how strongly a medium is influenced by external 
electric field. If an externally applied field has stronger 
polarizing effect on the medium, it has high permittivity. 

e Iftwo charges are placed in any medium other than vacuum 
or air, the force between two charges decreases due to the 
polarization of the medium. Thus, the resultant force on a 
charge gets reduced by a factor k known as the dielectric 
constant of the medium or relative permittivity of the 
medium. Thus £/£, = k = £, where € is the permittivity 
of the medium, £, is the permittivity of vacuum, and € 1s 
relative permittivity. Thus, 


l qq 


[F5 3 
ANTEE, F 


For vacuum, € = 1, and for conductivity medium, € = ~. 

e Coulomb force between two charges is an action-reaction 
pair, which is conservative in nature and is a central force. | 
It acts along the line joining two point charges. | 

© Coulomb’s law is valid only for point charges. If the size of | 
an object is very small as compared to the separation, then © 
they are considered point charges. | 

e The force between two point charges is independent of the 
presence or absence of any other charges. Due to the presence — 
of the surrounding medium the resultant force changes 
because of polarization of the molecules of the medium. 

e Coulomb’s law is not valid for distances less than 107" m. 

o Electrostatic forces are comparatively stronger than- 
gravitational forces. | 

e Coulomb’s law is similar to Newton’s gravitational law and | 
both obey inverse square law. | 

e Coulomb’s law obeys Newton’s third law, 1.e., the forces 
exerted by the two charges on each other are equal and 
opposite. 

e Electrostatic force is a conservative force. 


COULOMB’S LAW IN VECTOR FORM 


Let q, and q, be two like charges, ee 
placed at points A and B, ¢ È, A tidal said 
respectively, in vacuum. 7, is the Ni, [Force on 2 dueto 1| 
position vector of point A, and 7, we | 
is the position vector of point B. 


Let 7,, be vector from A to B, then 


B Í 
ING 
~ WF 


From figure it is clear that F,, and ñ, are in the same direction, so 


È = l CAK Ea l 49 re qid r 
o ANE 4neé, rr Angr 
~ 1h imi 
z -p 
Ane, |6- r] 


s law in vecto 
posite forces on each 


1.6 Electrostatics and Current Electricity 
give the Coulomb’ 


The above equations 
ly equal and op 


As we know that charges app 


other, we have F,, =- Ey 


- Gq, Na? 
w fe 
° me, |F- 7 


We can also write in terms of unit vector notation: 


2 Ane, 1 

where À, is a unit vector directed toward q, from q, This force 
of Coulomb's law is illustrated in figure. For three different point 
charge distributions, we have Ê, =- P- SO 


= l J A l 2 A 
F Mr #4 h, 
~ ANE 1 Ane, 1 
= l Dadı Pa = Fi 
Ane 

SUPERPOSITION PRINCIPLE 
The superposition principle enables q; 
us to calculate the force acting on a % ; F 
charge due to more than one charge. à 2 
“According to the superposition « — w a, 
principle, the total force on a given F e ” 


charge is the vector sum of all the 
individual forces exerted by each of g, F 
the other charges.” g 
F=5F+Ē6++F, 
Another important point is that the force between two charges 
remains unaffected due to the presence of the third charge. 


COMPARISON BETWEEN COULOMB'S LAW AND 
NEWTON’S UNIVERSAL LAW OF GRAVITATION 
Coulomb’s law is the second fundamental force law encountered 
in the study of physics. It is similar in form to the fundamental 
force law, i.e., Newton’s law of universal gravitation. Recall that 
the gravitational force between two particles, is proportional to 
the square of the distance between them, i.e., 


mm 
F=G ere 


2 


where G = 6.67 x 10"! Nm? kg”. Thus, Coulomb force depends 
on the charge in the same way that the gravitational force depends 
on mass, and both forces have the same 1/7? dependence. There 
are, of course, important differences between Coulomb’s law and 
the gravitational force Jaw: 
¢ There is only one kind of mass, but there are two kinds of 
charges: positive and negative. 
° pean force is always attractive, but electrostatic 
a or repulsive, depending on the sign 
e The electrostatic force constant k is much larger than the 
gravitational constant G. Two bodies 2.00 m apart, each 
carrying a charge of magnitude 1.00 C, experience i force 
of 2.25 x 10° N, or about half a billion pounds. On the other 
hand, two 1.00 kg bodies 2.00 m apart experience a mutual 
gravitational force of only 1.67 x 10" N. 


r form. 


—~— 


the electric force constant means that the 
mall charges can produce significan 


The large value of 
interaction of even relatively s 


large conducting spheres carrying charges Q, and 


Two 
are brought close to each other. Is the magnitude of the force 


; k 
between them exactly given by O,0,/47€,r°, where r is the 
distance between their centers? 


As the spheres are brought close to each other, the 
on one will affect the other and as such the distribution of 
charge is no longer uniform (i.e., the charges are not concentrated 
at the centers of the spheres). Hence, the electrostatic force 
between them is not given exactly by 2,0, / Aner’; the relation 
is true only for point charges. In other words, Coulomb’s law is 


applicable only to point charges. 


charge 


| Four identical point charges are placed at the corners of a 
square. A fifth point charge placed at the center of the square 


experiences zero net force. Is this a stable equilibrium for the 


fifth charge? Explain. 


Sol. | No. Only for very special displacements, the electrostatic 
force acts in a direction that points back toward the equilibrium 
position. For a general displacement, the electrostatic force 
does not point toward the equilibrium position, and the fifi 
charge moves farther from equilibrium, making the system 


unstable. 


See pene Se 
Two identical conducting spheres 1 and 2 carry equal 
amounts of charge and are fixed apart at a certain distance | 
larger than their diameters. The spheres repel each other 
with an electrical force of 88 mN. A third identical sphere 
3, having an insulating handle and initially uncharged, Is | 
touched first to sphere 1 and then to sphere 2 and finally | 
removed. Find the force between spheres 1 and 2 as shown 


in Fig. (d). 


r F m N 
D Qp 5 =< 
(a) " (b) 
© 
F -F 
40O ©O-ig 


(d) 


Sol, Initial force between 1 and 2 is F=kqyr =88 mN 
Charge on | after 3 is touched with | is g/2. Same charge will b 
on 3 also. Charge on 2 after 3 is touched with 2 is 


q + (q/2) B 34 
2 4 


a a — =a - oo 
Now, force between | and 2 in situation (d) is 


pa k(q/2)(3q/4) 3k? 3 


; gr Ge oaa mN 


Two identical metallic blocks resting on a frictionless 
horizontal surface are connected by a light metallic spring 
having a spring constant $ and an unstretched length / as 
shown in the figure. A total charge of Q is slowly placed on 
the system, causing the spring to stretch to an equilibrium 
length / as shown in figure. Determine the value of Q 
assuming that all the charges reside on the blocks and that 
the blocks are like point charges. 


Sol. The blocks are under two forces: (i) electrostatic force 
(ii) spring force 
Considering FBD of the block at equilibrium: F, = F, 


O/2 O/2 
L mR = Ps 
H H A <— | 
an CLE LL as F g 


Q/2) 
ATE l 


which give Q = 4/ne,kl° (1-4) 


~ 


=k(1-4,) and Q° =1678,k° (1-4) 


third charge is so placed that the entire system is in equilibrium. 


So For the system to be in 1 p E, 2 
equilibrium, the net force on each -Q—<—0—>——_©) 
charge should be zero. Hence, the 
third charge should be negative and it should be placed near q 
between (1) and (2). 


For equilibrium of (3), 
1 gQ 1 04% 


—_ ——_ —————— mMM 


4ne, x Ame, (I- x) 


-xÝ = / 
or Í =| =4 or ; ~=2 or x=- 
x x 3 


For equilibrium of (1). 


Coulomb's Law and Electric Field _ 1.7 


i By hi j 5 T R AT C h J ý ; ie a 
Three charges of equal magnitude q are placed at the vertices 
of an equilateral triangle of side /. How can the system of 
charges be placed in equilibrium? 


` 


in equilibrium, the net force 


f > system ; 
To keep the syste 9 
experienced by charges at 4, B, | 


and C should be zero. For this, f 


fos P10, 
another charge of opposite sign foyer 
should be placed at the centroid / C -F 
~ . . (07 ! F 7 ry 

of the triangle. Let this charge po e—. 

be Q. = g ‘, 
F.., ; 

‘ A, 


v3 


AD =! cos 30° = — 
2 


40=2AD==-=60 
3 WB 
2 | Fey] cos 30° = [Fol 
| Feel =|Feul 
1I 3 1 a Yo. 4 
4ne ? 2 4m (1/V¥3P 


Ras a 


A charge Q located at a point F is in equilibrium under the 
combined field of three charges q,, q, and q,- If the charges 
q, and q, are located at points 7, and 7. respectively. find the 
direction of the force on Q due to q, in terms of q,» 4,. F. F- 
and F. 


From figure, 
Od + AP = OP or AP=OP-Od=F -F 


Similarly, OB = BP = OP ot BP = OP - OB =F -F, 


Force on Q due to q, is 


= ) i ) eee Be as 
fink Ste, m1, OUP D5 0, F-0 


Vip 


Similarly, force on Q due to q, is 


F, = k Og, : =i 
} 


aI 
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i i i l > > > > 
The net force on Q due to charges 4, and q» using the princip’® 5 R=F+F,+F, 
of superposition, is 
2 a 2 GH) « (7-1) Ş F, = Fp t Fat hs 
Pek tR SkA npa ni-a) -= 0+ F, cos30° — F, cos30° T 
Let the force exerted by q, on Obe F. and > F, = Mnt Rt F, | 
= -F + F,sin30° + F, sin 30° i | 
ee ATL) | 


P+F, +F =0 or P+ F=0. 
Hence F,=- È. For the charge Q to be in equilibrium, As |F = |F | = |£] = |F | (say), Eqs. (i) and (ii) become 


_ r-r) mE — 1) 
Reng A | 


Fat 
_F gives the direction of the force on Q due to qy 


pee = 0 and SE - 0. Hence, resultant force ZF =0. 


Point charges are placed at the 
vertices of a square of side a as 
hould be the 


and q,, each equal to q, at the shown in figure. What s 
sign of charge q and magnitude of the 


le of side 7. What is the force 
d of the triangle? ratio |g/Q| so that 
(a) net force on each Q is zero? 
(b) net force on each q is zero? 
Is it possible that the entire system cou 


equilibrium? 


Obviously, 


Consider three charges 4), Jx 
vertices of an equilateral triang 
on a charge Q placed at the centroi 


Method 1: The resultant of 

three equal coplanar vectors acting at Id be in +Aeinsecaiatic 
a point will be zero if these vectors 
form a closed polygon (figure). Hence, 


the vector sum of the forces F, Tos 


(a) Consider the forces acting on charge QO placed at A 
[shown in F igs. (a) and (b)]. 
Case I. Let the charges q and Q be of same sign. 


and F, is zero. 


Method 2: The forces acting on the 


charge Q are 
z F: 
F = force on Q due to q, P AO 
4ne, AO” 
xi BO 
(a) 
(q and Q are of same nature. (q and Q are of opposite nature. 
Here, net force cannot be zero.) Here, net force can be zero.) 
F a Here, 
F, = force on Q due toq sann CO r- 
m o | = ame, a (force of q at D on Q at A) 
The resultant force is 1 qQ 
F 4 2 7 ae a (force of q at B on Q at 4) 
r= hth +A, gi 
l 
_! QQ (force of O at Con Qat A 


3 = 7 
Ame, 2a” 


_ 1 OF 75430466 
Me. AO’ (AO+BO+CO)=0 
0 
ee In Fig, (a), the resultant of forces F and F, will lie alon 
as |q,|=|9,|= Z TO P i 
( lai|= lal \q,| and [ag] = \BO| = icq) F, so that the net force on Q cannot be zero. Hence, q an 
biko eee QO have to be of opposite signs. 

these are three equal vectors in a Case II. Let the charges q and Q be of opposite signs. 
plane making angles of 120° with i in Fi F f 
sad ober In this case, as shown in Fig. (b), resultant of F and A, 
will be opposite to F, so that it becomes possible to obtai 


is the vector sum of individual d 
ee, = : 12 7 


forces, 1.€., 
ATE a 


The direction of F,will be along AC (F,, being the 
resultant of forces of equal magnitude, bisects the angle 
between the two). F, and F, are in opposite directions. 
Theat force on Q can be zero if their magnitudes are also 


equal, 1.€., 
l 
15.1 o 2 -(qG-2)-0 
4né, a 4ne, 2a 4m€,a 2 
Q q\__} 
ogee) == 1049} 
4 av2 Jol 22 


Therefore, the sign of q should be the negative of Q. 


) Consider now the forces acting on charge q placed at B 
[see Figs. (a) and (b)]. In a similar manner, as discussed in 
Fig. (a), for the net force on q to be zero, q and Q have to 
be of opposite signs. This 1s also shown in the given figures. 


(force of Q at A on q at B) 
(force of Q at C on q at B) 


(force of q at D on q at B) 


(q and Q are of same sign. (q and Q are of opposite sign. 
Here, net force cannot be zero.) Here, net force can be zero.) 


From Fig. (b), we can write 


— =ò 


F +F, 


Pape Mp 
Ane 


9 a 


= 
p 


The resultant of F and F, i.e., F,, is opposite to F,. Net 
force can become zero if their magnitudes are also equal, 


1.€., 

1 9 g- q q | 1| 
TE Ae = — or J20-+|=0 
4n€, a° 4n€, 2a’  4n€,a" 2 2 

q q 
oro Q=—= or [F|= W2 #0 
2/2 Q {q #0} 


Therefore, the sign of q should be negative of Q. 

In this case, we need not to repeat the calculation as the 
present situation is same as the previous one; we can 
directly write |g/Q|= 2V2. The entire system cannot be in 
equilibrium since both conditions, i.e., g=—Q/2V2 and 


Q =-gq/2/2 cannot be satisfied together. 


Coulomb’s Law and Electric Field 1.9 


e-filled spherical balloons each carrying 


Two identical H ryin 
ht W with strings and float in 


a charge q are tied to a weig 
equilibrium, as shown in figure. 

(a) Find the magnitude of q, assuming that the charge on 

each balloon acts as if it were concentrated at the center. 

(b) Find the volume of each balloon. Take the density of He 

as p,, and the density of air as P, Ignore the weight of 


the unfilled balloons. 


(a) 2T cos 0= W, T sin 0 = F (figure) 


tan 0 B E ire tan 0 
or > m Ea 
q? W tan@ 
or —— zF 
Ane, (2x) 2 


or q=;8W tan Oe ,x° 


(b) TcosO+mg=B 


W 
= PiE = Vp,g 
W 
V= 
2(P, — Pie) 


or 


Two identical small charged spheres, 

each having a mass m, hang in 
equilibrium as shown in figure. The 
length of each string is /, and the angle ~ 
made by any string with the vertical is 

9. Find the magnitude of the charge on (q 
each sphere. oe = 


i The forces acting on the sphere are T 


tension in the string, T, force of gravity, mg; < 
repulsive electric force, F., as shown in the * 


free-body diagram of the sphere (figure). Fe 
The sphere is in equilibrium. The forces in | 
the horizontal and vertical directions must ii 
separately add up to zero. 


SF, =Tsiné-F, =0 ai) 
YF, =T cos@-—mg =0 (ii) 


From Eq. (ii), T = mg/ cos 8. Thus, we can eliminate T from Eq. (1) 
to obtain 


k 2 
Pamet k4 i 
’ = mg tan@ or 2 eon ...(111) 


d Current Electricity 


1.10 Electrostatics an 
uation (iii) now reduces to 


where k = l andr=2lsin 0. Eq 


ANE, 
2 - E 
. q = mgtan@ of q= J167E,l mg tan 0 sin“ 0 


_ 


Ane, (2/sin 6) 


Two identical balls, each having a density p, are suspended 
from a common point by two insulating strings of equal length. 
Both the balls have equal mass and charge. In equilibrium, 
each string makes an angle @ with the vertical. Now, both the 
balls are immersed in a liquid. As a result, the angle 8 does 
not change. The density of the liquid is o. Find the dielectric 


constant of the liquid. 


‘Sol. Let V be the volume of each ball, then the mass of 
each ball is n = pV . When the balls are in air, from the previous 
problem, 

F=mg tan @ = pVg tan 0 la) 


F <<—  X=2Lsin8 


(p¥g —o¥g) 


pg pg (p¥g - oVg) 


(a) (b) 


When the balls are suspended in liquid, the Coulombic force is 
reduced to F’ = F/K and apparent weight = weight — upthrust, i.e., 


W’ = pVg —oVeg 
According to the problem, angle 8 is unchanged. Therefore, 


F’ =W" tan 0 = (pVg — oVg) tan 8. (ii) 
From Eqs. (i) and (ii), we get 


F ga PE =P 
F' p¥g-oVg p-o 


Three particles, each of mass m and carrying a charge q each, 
are suspended from a common point by insulating massless 
strings, each of length L. If the particles are in equilibrium and 
are located at the corners of an equilateral triangle of side a, 
calculate the charge q on each particle. Assume L >> a, 


Sol, From Fig. (a), for the equilibrium of a particle along a 
vertical line, we get 


T cos = mg (i) 
While for equilibrium in the plane of equilateral triangle, we get 
T sin = 2F cos30° (ii) 


So from Eqs. (i) and (ii), we have 
tan 0 = BF iii 
ne . (I) 


Lg d a ae CA 
Here, ay TT OP TOF 
Also from Fig. (c), we get 
2 2 a 
OA = £ AD = Ž asin 60° = -= 
3 3 ga 


So tan@= es 
Oe Taga) OL 


On substituting the above values of F and tan 8 in Eq. (iii), we 


| 


get 
a 3B t 
(J3)L mg 4ne,a” 


. 4n€,a°mg a 
Lẹ, g= [seen 


Two small charged balls of 
masses, m, = 2m and m, = m 
have unequal positive charge on 
them. Both balls are suspended 

by two strings ofunequal lengths 
from a common point such that, 

in equilibrium, both the balls are 

on same horizontal level. The 
angle between the two strings iS m 
@ = 45° in this position. Find the ` 
electrostatic force between the balls in this position. 


Sol, As masses of the balls are different hence the angl 
made by strings with vertical will be different. Let the ang! 
made by string with vertical be 8, and 6, respectively. Thre 
forces are acting on each ball, its weight, tension of string a” 
electrostatic force. Let us draw the FBD of balls 


Ceiling 


i Img 
F ra 
from FBD: tan 0 = SmE and tan 0, = m (i) 
tan 0, + tan 0, 


7 ;, tan 0 +0,)= 
We know, tan (9, +9 l- tan 0, tan 0, 


.. (il) 
Here (0, + 6,)=45°, from (i) and (ii) we have, 
F F 
+ ER 
2mg mg 


tan 45° = 


+ 22mg -F° =3mgF 
F? +3mg F -2m g’ =0 


_—3mg+t 9m? g? +8m g” 
2 
As negative sign of F is not acceptable, Hence, 


(417-3) 
A 2 


J mg 
HLUSTRATION 1.21 


Four identical positive charges o of value Q are pruned 
at the four corners of a square of side /. A unit positive charge 
having mass m is placed at P, at a height h above the of center _ 
of the square. What should be the value of Q in order to eee 
the unit charge is in equilibrium? 


‘Sol. Four charges are arranged at the four comers 4, B, G. 
and D of the square and the unit positive charge is placed at P, 
at a height h above the of center of the square. The situation is 
shown in Fig. (a). 


i IN2 
(a) (b) 


The force experienced by unit positive charge placed at P due to 
a charge Q at A is given by 


ULIL USTAN w uT NT Sy Ce a ee 


Similarly, equal forces act on unit positive charge at P due to 
charge at B, C and D. When these forces are resolved in horizontal 
and vertical directions, the horizontal components (F sin 0) cancel 
cach other and the net vertical force is 4F cos 0. 

Hence the net upward electric force acting on the unit charge 


4kQ 


— C 
2 

Ga 
2 


For the equilibrium of unit positive charge placed at P, 


F = 


Upward electrical force = Weight of unit charge 
4kQ 


2 
G L) 
2 


-cos = mg 


From Fig. (b) cos @ = 


A thin fixed ring of radius a has 
a positive charge q uniformly 
distributed over it. A particle 
of mass m, having a negative 
- charge Q, is placed on the axis at 
a distance of x (x << a) from the 
center of the ring. Show that the 
motion of the negatively charged 
particle is approximately simple 
harmonic. Calculate the time period of oscillation. 


Sol, | The force on the point charge Q due to the element dq of 
the ring is 
1 dqQ 
Ane, r? 


0 


along AB 


For every element of the ring, there is a diametrically opposite 
element. The components of forces along the axis will add up, 
while those perpendicular to it will cancel each other. Hence, the 


net force on the charge is —Q; negative sign shows that this force 
will be toward the center of ring. 


= | dF coso = cos] dF -j | | 
r 


ATE, r 
So r= + iq = ol Qqx «iy 
ATE, r 4né, (è +x Y’ 


[as r = (a° +x")! and [dq =q] 
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et 


j i i ti il] be oscillatory. ; 
As the restoring force is not linear, the motion wil) be ry 8. Two particles A and B having hanes beii p 
n 


However, if x <a so that x? <a’, then 


Thus, the restoring force will 
simple harmonic with time period 


pout E E with k= 


3 


_ 2m _ TAD te 4m€,ma° 
w k \ qQ 


CONCEPT APPLICATION EXERCISE 1.2 


1. Figure shows two charge 
particles on an axis. The Q Q 


electrons are missing from each ion? 

. Two fixed point charges +4e and +e units are separated 
by a distance a. Where should a third point charge be 
placed for it to be in equilibrium? 

. Two insulated identically sized charged copper spheres 
A and B each have charge 6.5 x 107 C and their centers 
separated by a distance of 50 cm. A third sphere of the 
same size but uncharged is brought in contact with the 
first, then in contact with the second, and finally removed 


become linear and so the motion is 


10. 


Ga CANBWERS 


—2 x 10°C, respectively, are held fixed witha Separati 

of 20 cm. Where should a third charged particle i 

placed so that it does not experience a net electric foreeh 

A particle of mass m carrying a charge —q, Starts 

moving around a fixed charge +q, along a circular path 

of radius r. Find the time period of revolution T of 

charge —q,. 

Two identical conducting small spheres are placed 

with their centers 0.3 m apart. One is given a charge of 

12.0 nC and the other a charge of -18.0 nC. 

(a) Find the electric force exerted by one sphere on the 
other? 

(b) If the spheres are connected by a conducting wire, 
find the electric force between the two after they 


charges are free to move. -3q tg attain equilibrium. 
At one point, however, a third charged particle can be 11. Four equal point charges, each of magnitude +Q, are to 
placed such that all three particles are in equilibrium. be placed in equilibrium at the corners of a square. What 
(a) Is that point to the left of the first two particles, to should be the magnitude and sign of the point charge that 
their right, or between them? should be placed at the center of the square to do this job? 
(b) Should the third particle be positively or negatively 12. Two point electric charges of values q and 2q are kept at 
charged? a distance d apart from each other in air. A third charge 
(c) Is the equilibrium stable or unstable? Q is to be kept along the same line in such a way that the 
. Two small balls having equal positive charge Q (coulomb) net force acting on q and 2q is zero. Find the location of 
on each are suspended by two insulating strings of equal the third charge from charge q. 
length L (meter) from a hook fixed to a stand. The whole 13. Two identical particles are charged and held at a distance 
set-up is taken in a satellite into space where there is no of 1 m from each other. They are found to be attracting 
gravity (state of weightlessness). each other with a force of 0.027 N. Now, they are 
(a) What is the angle between the two strings? connected by a conducting wire so that charge flows 
(b) What is the tension in each string? between them. When the charge flow stops, they are 
. Suppose we have a large number of identical particles, found to be repelling each other with a force of 0.009 N. 
very small in size. Any two of them at 10 cm separation Find the initial charge on each particle. 
repel with a force of 3 x 10° '°N. 14. Acopper atom consists of copper nucleus surrounded by 
(a) If one of them is at 10 cm from a group (of very 29 electrons. The atomic weight of copper is 63.5 gmoI". 
small size) of n others, how strongly do you expect Let us now take two pieces of copper each weighing 
it to be repelled? 10 g. Let one electron from one piece be transferred to 
(b) Suppose you measure the repulsion and find it another for every 1000 atoms in a piece. 
6x10% N. How many particles were there in the group? (a) Find the magnitude of charge appearing on each piece. 
The electrostatic force of repulsion between tw ‘tivel (b) What will be the Coulomb force between the two 
. pulsion between two positively 
É pieces after the transfer of electrons if they are 
charged ions carrying equal charge 1s 3.7 x 10° N when ; ; 3-1-1 
these are separated by a distance of 5A. How many 10 om apart? (Avogadro’s number is 6 X ee 
15. Two identical small equally charged conducting balls 


are suspended from long threads secured at one point. 
The charges and masses of the balls are such that they 
are in equilibrium when the distance between them is 
a (the length of thread L > a). Then one of the balls is 
discharged. What will be the distance b (b << L) between 
the balls when equilibrium is restored? 


R What is the new force of repulsion between A 1. (a) Right (b) Negative (c) Unstable 
and B? 2 
. Find the force on a charge q, (=20 uC) ge 4 2. (a) 180° (b) vi 
due to the charge of q, (= —10 uC) if (-Im,|1m, Im) 
the positions of the charges are given 3.(a) 3nx 10N (b) 2x 10° 
as P, (1, -1, 2) and Q (-1, 1, 1) (see x 
P 6. 5.7 x 10° N 


figure). 


e 
z (1m, —1m, 2m) 


i 2 
4.2 5. = from+4e 
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7, -0.06(27 -2f + KIN 8. 0.2 m from B 
16m Eam? 10. (a) 2.16x 105N (b) 9x 107N 
N92 
| Hi. gor) ae Tay 
| 13.3 uC and -1 uC or —3uC and luC 
14. (a) 15.12 C © 2.05 x 10"N IS. 7 


me 


ELECTRIC FIELD 


Newton's universal gravitation law and Coulomb’s law enable 
us to calculate the magnitudes as well as the directions of 
gravitational and electrical forces, respectively. These laws are 
limited to describing only the interactions of two point masses 
(or charges). On the contrary, the field approach is a powerful 
tool to handle distributed and continuous masses (or charges) and 
their interactions. 

In this approach, “we define electric field as the space around 
a charge in which its influence can be felt by any other charged 
particle.” An electric field is said to exist in the region of space 
around a charged object, the source charge. When another 
charged object—the test charge—enters this electric field, an 
electric force acts on it. 


As an example, consider figure, which shows a small positive 
test charge q, placed near a second object carrying a much greater 
positive charge Q. We define the electric field due to the source 
charge at the location of the test charge to be the electric force on 
the test charge per unit charge. To be more specific, the electric 


field vector E at a point in space is defined as the electric force 
F acting on a positive test charge q, placed at that point divided 
by the test charge: 


E= ias 
90° Gy 


For a negative source 
charge, the electric field 
at P points radially inward 


For a positive source 
charge, the electric field 
at P points radially outward 


| 
| 
| 


from Q. from Q. 

`M an 
F 

qo, im Sy 
we ® EK i 

A of ao 

a Tr 

Q Q Paj 


Negative charge q, placed 
in an electric field: force on q, 
is in the opposite direction as E. 


. Positive charge q, placed 
in an electric field: force on q, 
is in the same direction as E 


hit —> F F Do 
‘ j 
> > 


The direction of Ẹ will be same as that of F. The magnitude of 
the test charge is kept small because otherwise it may disturb the 
original charge distribution and then we will get electric field due 


to disturbed configuration and not original. T 
The unit of electric field is NC"! (newton per coulomb). The 


dimensional formula of electric field is 


Force _ MLT? _ MLT? _ [MLT A“ 
Charge ampere x time AT 


A POINT CHARGE IN AN ELECTRIC FIELD 

What happens if a point charge q, is placed at any point in an 
electric field produced by some other stationary charges? Let this 
electric field be E. Charge q, will experience a force, let this 
force be F. Then the value of electric field at that point must be 


t æ feal 
do 


This is the force on q, by E. q, has no contribution in £. A charged 
particle is not affected due to its own field. It means a charge 
particle can experience force due to the field produced by other 
charge particles, but not due to the field produced by itself. 


ELECTRIC FIELD DUETO AN 
ISOLATED POINT CHARGE 


Consider a point charge Q placed at the origin O. To find the 
electric intensity at a point P, y z 
distant r from O, place a test 


E 
charge q, at P. According to af 


7h 


Coulomb’s law, the force exerted Pee 2 
on q, by Q is Fa 
ý r? +3 x 


where / is a unit vector from O to P, i.e., from Q to q, If E is the 
electric field created by Q at P, then by definition, 


p, Oe 
E = lim — = lim — 
do >0 do do >0 do 
A 1 R — 
sps B fe ! L7 
r ANE, r ANE, r` 


If Q is positive, E is directed radially outward from it and if Q 
is negative, E is directed toward it. In magnitude, 


pakte £ 


J 


ro ATE F 


ELECTRIC FIELD DUE TO A POINT CHARGE IN 
VECTOR NOTATION 


Electric force on test charge +q, in the direction of position vector 
Fp, 18 given by 72, = Fpo — Fo 


A l Od) -= 
ü ATE, r? (Fpa) 
i F l a 
B F y (Fpa) 
lo  4TE, 
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(b) Plot the variation of electric field (E) on the y-axis | 
(c) Find the position on the y-axis where electric field i , 
maximum. 


y 


A (Xn Vos z,) 


“Sol. We can divide the x-axis into three regions: 


Region I (left of the charges): The field due to the left charg 
dominates and acts toward —x direction. 


Region II (between the charges): From —a < x < 0, the fiel 
of left charge dominates and acts towards +x direction. At x ~ 
resultant electric field is zero. From 0 < x < a, the field of righ 
charge dominates and acts toward —x direction. 


(0, 0, 0) 
E is the electric field intensity vector at position P due to a point 


h laced at the position A. 
a Ro Region III (right of the charges): The field due to the righ 


r = rnr p 7 
MEET charge dominates and acts toward +x direction. 
If o= nity +z k and ro= Nity j tz k, then T E, E. 
` S À E ' i T 
= 1 Qax) +O) +- z )k) Pane eo is m 
E= = 5 23/2 Enel =9 
Ame {(x,- x) +, - 2) + (4-22) bri ! : => 
2 i i i 1 
GRAPHICAL VARIATION OF E ON X-AXIS DUE TO A ie Ho E E | & & ON z 
POINT CHARGE lm e> | > “E 
Region I | l Region II Ea ! Region M 


: | t 


Region I Region II Region III 


R 
9 


aime 
= 1 


Variation of Ē in the x-axis: We can divide the y-axis in e 


ELECTRIC FIELD INTENSITY DUE TO A GROUP OF eo l | 
CHARGES Region I (above y-axis): Electric field is along +v direction. | 
Using the principle of superposition, the net field at point P is E 
given by $ 
E=E,+E,+--+E besos i 
1 q, 1 q. JE 
ae t FEF tet Tg on ' S C 
TE, N ANE; 1; ATE, r; F vi ü 
|] g J,» D A0 ' NO OA 
EE A ee ee: ye 
4Te, a re q See a \ a 2 j 
In terms of position vectors, . | 
| 0% i 
Ba I g(F-F) = Region H 
4nE, i=] |F =F i : 
; EX F t 
+y l ' E d 
i fi 
Two point charges each MA Region l (below X-axis): Electric field is along y direction. |a 
ae charge q are placed , Net electric field at P ata distance y from origin is 
on -7 i ' A P — =" . = ` . 5 - 
à the x-axis at x = ~q and Fa =|E\|sin 0 +|E,|sin @ =2|E,| sin @ as [\61=14:1 
x = +a as shown in figure, l l : 
(a) Plot the variation of PAURE re "g =2—— s A 
Dti: wa a es : eae: 5 ATE, (a +y) (a +y 12 
the x-axis, 
es x=a Hence, Eu oe | : 7 


4ne, (a° + yy? 


aximum or minimum value of E 


For M 3 
dEr =0= i)e + y? ia (2y) + (a° + y yai 
dy 2E 2 


a 


or y7 atc) 
.| | Electric field is maximum | 


— 
|E| > 0 
when y => œ 


Two negative charges of a unit magnitude are fixed at a 
certain distance apart, and a positive charge q is placed along 
the straight line joining both the charges. At what position and 
value of g will the charge q be in equilibrium? 


The charge q can be in equilibrium if it is placed 
at the middle of negative charges, as the electric field is zero 
at the middle of negative charges. The charge q can have any 
value. 


E, 1 E £E, 2 E, 
—eoey (e ory —()_«____e 
-o = — = 

E, Q Q E 


Two point charges of +5 x 10 C and +20 x 10"? C are 
separated by a distance of 2 m. Find the point on the line 
joining them at which electric field intensity is zero. 


SAE Here, g, = +5 x 10” C, q, = +20 x 10” C. If P is the 
point [distant x from q,, as shown in Fig. (b)], where electric field 
intensity is zero, then |E,| = |E] 


or k Lk 
x (2- xy 
m (2-x) q, _20x10”C_ 
x a Sx Cr 
or (2~x) _45 
x 


Hence,x=-2m or x= 2/3 m. If x = -2 m, the point P lies 
to the left of A. In this case, since E, and E, are in the same 
direction, the two positive charges produce a resultant electric 
field E, where E = E,+ E, as shown in Fig. (a). Hence, this is not 
a feasible situation. 


A(q,) E, B(q,) 
. P A(q, B(q,) o> © 
ee E, P 
Lj —____., _____—_| kch 
x=-Zm 2m x (2 -x) 
(a) (b) 


Thus, as shown in Fig. (b), x = 2/3 m. 
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The positions of two point charges q, and q, are ř andy, 
respectively. Find the position of the point where the net field 
is zero due to these charges. 


Sol,” At P, let the net field be zero. 
E,= E+ E,=0 sl) 


X q Field at P due to 2| 


|Field at P due to ] 


R 


SE, 


q, 
+) 
N 
O > xX 
As we know, 
Es A Gi) 
NE, F-K] 
and Pade (111) 
4ne, |r -7| 


Substituting E, and Æ, from Eqs. (ii) and (iii) in Eq. (i), we 
have 
qı (r =}) + 


g=) z0 
4ne, |r — 7) 


4ne,|7F -FP 


= =, 
ren 


I-AI 


w QF- -R (1v) 


Since E = 0 at P, 
RA 
q __ Q 
ATE r, 7 4n€5r,, 
where 7, =F -7 and 7,, =? — r, . Therefore, 


a a  |F-A_ Na 


2 OF AV) 
F =r] lr -—7,| =n] VQ 


Substituting the value of |F — F |/|F — r,| from Eq. (v) in Eq. (iv), 
we get 


3/2 << « f_ 
s, t 3 
aë-DraE -DhE L0 or pe tN TANG 


a 


+ + 
Point charges q and -q are located 4 = SRE ` D 
at the vertices of a square with A ms 


l \ 

\ \ 
diagonals 2/ as shown in figure. ‘ 
Evaluate the magnitude of the Re | 
electric field strength at a point 
located symmetrically with respect 
to the vertices of the square at a -q “4 
distance x from the centre. 


e charge placed on the 
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The 
diagonal 4 C. 


electric field at P due to th 


2kq(/) 
Fe gan ke ET ae along AC) 
E =2Ecos = da (x? +P) (ax? 4/7) [x 4] ] 


P due to the charged placed on the diagonal BD, 


l = ee (along BD) 


> 


eae re ) 
E,=2E cos8= 2h) at?) (+l) 


The electric field at 


P 


, 
, ` 
Lahel 


\ 

1 

\ 

I 
\ 
21 


As diagonal intersects at angle 90°, so £, L E. 


Net electric field, E, = yE? +E = _2N2kql_ 
€ Gehry” 
_ 


Two point charges Q, and Q, are positioned at points 4 and 
B. The field strength to the right of charge Q, on line that 
passes through two charges varies according to a law that 
is represented schematically in the figure accompanying 
the problem (without employing a definite scale). The field 
strength is assumed to be positive if its direction coincides 
with the positive direction of x-axis. The distance between the 
charges is /=21 cm. Find 


Es 


| /=2)em | 
————* 


A 


—_—__> 


x (in cm) 


' 
j 
| 
| 
[ 
I 
[j 
I 
' 

Re $ 

I 
l 
l 
| 
| 
i 
I 
' 
i 
I 


(a) the signs of the charges. 
(b) the ratio of the absolute values of charges Q and Q 
a b' 


(c) the coordinate x of the point where the field strength is 
maximum. 


Sol. 
(a) Electric field near B and to the right of B is along negativ, 
direction, so sign of Q, should be negative. There is a neil 
point at x = 24 cm, so sign of Q, should be opposite of nl 
Hence Q, should be positive. Q, 


(b) At neutral point (at x = 24 cm), net electric field Should hy 
Q, 


zero. 
2 
-(#) 28 
Q, 3 


(c) Electric field to the right of charges (right side of point C) 
Q Q, 
=k -k 
e xX (x-21) 


, dE 
For field to be maxımum: P =0 


Qu oh => 


k 
24? 


kO,CD _ KQ C2) = () which gives x = 28 cm 
a (x—21) 


A charged cork ball of mass m is suspended on a light stri 
in the presence of a uniform electric field as shown in fi 
When E£ =(Ai+ Bj)NC", where A and B are positi 
numbers, the ball is in equilibrium at the angle @ Find 
charge on the ball. 


Sol. The forces acting on the charge are electric fore 
tension due to string and weight of the ball. C onsidering 


FBD of the ball 


+ Teos? 


mg 
In vertical direction: T cos@ + qB = mg 
= T cos0 = mg -qB 
In horizontal direction: T sin @ = qd 


qå 


Dividing (i) and (ii), we get tan @ = 
mg —qB 


mg tan 0 


From (iii), charge on the ball, q = A+ Btan 
+ Btan 
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eT 


LUST Rey 
The bob of 8 
gin the regio 


sil 


(a) 
(b) 


(c) 


(d) £ has magnitude of E = 


nple pendulum has mass m and carries a charge q on it. Length of the pe 
n. Calculate the time period 


Eis vertically down having magnitude E =—— 
q 
Fis vertically up having magnitude £ = 


Eis horizontal having magnitude £ =—— 
q 


J2m 
a and is directed upward making an angle of 45° 


of small oscillations for the pendulum about its equilibrium po 


mg 


2mg 
mg 


with the horizontal. 


‘Sol. The time period of oscillation of simple pendulum is given by 


l 
T=27 a 
get 


When electric fie 


S.No. | 
@) 


p- "s 


q 


Case a z 


When electric field is vertically 


EU ea ENAN 


ld is vertically 


down, and having magnitude 


(b) 
| down, and having magnitude 
| (c) When electric field is horizontal, 
and having magnitude E a 
q 
(d) | When electric field is directed 


upward making an angle of 45° 
with the horizontal and having 


J2mg 


magnitude E = 


Orientation of the pendulum at equilibrium 


Effective value of g 


ndulum is /. There is a uniform electric field 
sition in following cases: 


mg + gE I 
Serr =e" 2" T=2m 
m | 2g 
=2g 
E-m 
Sen =t = T=28 ul | 
m g` 
= 9 | 
| 
$ | 
g | 
_ Vang) +(mgy pean l 


g eff 
m 


-Je 


At equilibrium the pendulum will be at angle 45° 
with vertical. 


mg Bon & 


At equilibrium the pendulum will be horizontal 
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Electric field E = —bx + a exists in a region parallel to a 
y-direction (a and b are positive constants). A charge particle 
having charge 4 and mass ™m 1S released from the origin 
x = 0. Find the acceleration of the particle at the instant its 
speed becomes zero for the first time after release. 


The force on the charged particle, F =qE=q(-bx+ a) 


=> mA = q(-bx +a) [A= acceleration] 


x 


frav= 22 fxr fa 


0 m y mMm % 


2 2m m 
When speed of the particle becomes Zero, v = 0 when 


bax? _ age _, 78 
2m m b 


As the acceleration of the particle is given as 


v? bax? aqx 
gx’, aq 


A, = 4 (-bx +a) (i) 
m 


l , 2a 
The acceleration at x = Fa 


Hence required acceleration = 4{-» Prd + a) mA (-2a+a)= i ha 
m b m m 


CONCEPT APPLICATION EXERCISE 1.3 


1. Two point electric charges of unknow.n magnitudes and 

signs are placed a certain distance apart. The electric field 

| intensity is zero at a point not between the charges but 
on the line joining them. Write two essential conditions 
for this to happen. 

2. Two point charges +5 x 107? C and +20 x 10”? C are 
separated by a distance of 2 m. The electric field intensity 
will be zero at a distance x = from the charge of 
5x 10C. 

3. Two point-like charges a and b whose strengths are equal 
in absolute value are positioned at a certain distance 
from each other. Assuming the field strength is positive 
in the direction coinciding with the positive direction of 
the r axis, determine the signs of the charges for each 
distribution of the field strength between charges shown 
in Figs. (a)—(d). 


E E 


\/ 


(a) (b) 


a ray r 
(c) 


4. Two point charges tq are 
placed on the axis at x = —a and 
x= +a, as shown in figure. 


(a) Plot the variation of E 
along the x-axis. 


(b) Plot the variation of £ 
along the y-axis. 


5. Three small spheres x, y, and z carry charges of equal 
magnitudes and with signs a 
shown in figure. They are “x / 
placed at the vertices of an So o 
isosceles triangle with the ; 
distance between x and y tO 
equal to the distance between y 
x and z. Spheres y and z are ©. 
held in place, but sphere x is 
free to move on a frictionless 
surface. 

(a) What is the direction of the electric force on sphere 
x at the point shown in the figure? 
(b) Which path is sphere x likely to take when released? 


6. Three identical positive charges Q are arranged at the 
vertices of an equilateral triangle. The side of the triangle 
is a. Find the intensity of the field at the vertex of a regular 
tetrahedron of which the triangle is the base. 


7. Two identical point charges having 
magnitude q each are placed as 4 
shown in figure. If we place a 
negative charge (of magnitude —q 

‘ and mass m) at the midpoint of OQ 
charges and displaced along the 
ig 


Q 


x-axis, examine whether it will 
perform simple harmonic motion. 
If yes, then find the time period of 
oscillation of the particle. 

8. Three-point charges of +2 uC, -3 pC and —3 uC are kept 
at the vertices A, B and C respectively of an equilateral 
triangle of side 20 cm as shown in the figure. What 
should be the sign and magnitude of the charge (q) to be 
placed at the mid-point (M) of side BC so that the charge 
at A remains in equilibrium? 


a) 


A 
Q +2 pC 


9, Four particles each having a charge q are placed on 

the four vertices of a regular pentagon. The distance 

of each cornet from the centre is ‘a’. Find the electric 
feld at the centre of pentagon. 


two small spheres, each of mass m, are suspended by 
light strings of length / as shown in the figure. A uniform 
electric field is applied in the x-direction, The spheres 
have charges equal to -q and +q. Determine the electric 


feld that enables the spheres to be in equilibrium at an 


10. 


angle of 6. 


ANSWERS a 


m 3. 2) ¢, 9 44g, >- (b) q, 2 +,9, >+ 


(c)q, 2-39, >+ (d) 9g >= >- 


rm 
wə | to 


V30 


6 —= 
2V2m€,a° 


[2me i 3 
7. Yes, 27 sii i 8. n uC, Positive charge 
q? 


9, 2 10. od 


q 1678, sin’ 6 


(a) Along C (b) Path D 


Dy 


ELECTRIC FIELD DUETO 
CONTINUOUS DISTRIBUTION 
OF CHARGE 


A svstem of closely spaced electric charges forms a continuous 
charge distribution. To find the field of a continuous charge 
distribution, we divide the charge into infinitesimal charge 
elements. Each infinitesimal charge element is then considered 
a point charge, and the electric field d E is determined due to 
this charge at a given point. The net field at the given point is the 


surnmation of fields of all the elements, i.e., E=Jd E. 


Coulomb's Law and Electric Field 1-1? 


— - 


We 


AL | Sur ace charge TA ime charge 
de i erT D 2 | RR a E RE. i ube mt! ay. o 
d y uti on +a ih sti | io a | ribu ion 


In this distribution, | In this distribution, | In this distribution, 
charge is charge is charge is distributed 
distributed on a distributed on in the whole 

line, for example | the surface, for volume of the body, 
charge on a wire, example charge for example a solid 
charge on a ring, | ona conducting uniformly charged 


etc, The linear sphere, charge on | object, say a solid 
charge density is | a sheet, etc. The charged sphere. 
given by surface charge The volume charge 
Charge Q density is given by density is given by 
~ Length 7 2R _Charge_ Q _ Charge _ Q 
= =| ppa 
Area 4nR Volume rR 


FIELD OF RING CHARGE 


A ring-shaped conductor with radius a carries a total charge Q 
uniformly distributed around it. Let us calculate the electric field at a 
point P that lies on the axis of the ring at a distance x from its center. 


As shown in figure, the ring is divided into infinitesimal segments 
each of length ds. Each segment has charge dO and acts as a point 
charge source of electric field. Let dE be the electric field from 
one such segment. The net electric field at P is then the sum of 
all contributions dE from all the segments that make up the mng. 
(The same technique works for any situation in which charge 1s 
distributed along a line or a curve.) The calculation of E is greatly 
simplified because the field point P is on the symmetry axis of the 
ring. If we consider two ring segments at the top and bottom of the 
ring, we see that the contributions dE to the field at P from these 
segments have the same x-component but opposite »-components. 
Hence, the total y-component of field due to this pair of segments 
is zero. When we add up the contributions from all such pairs of 
segments, the total field E will have only a component along the 
ring’s symmetry axis (the x-axis), with no component perpendicular 
to that axis (that is, no y-component or z-component). So the field at 
P is described completely by its x-component £. 

To calculate E, note that the square of the distance r from a 
ring segment to the point P is =x + a’. Hence, the magnitude of 
this segment’s contribution to the electric field at P is j 

dE = akdi ; 
ANE, x +a 
x 
(x ta?) 
the component dE of this field along the x-axis is 


x 
Using, cos & =—= 
m 


dE = dE cosa = aka aie - _ x _ i! xdQ 
ATE, x +a” ha +a ATE, (x? tay" 


To find the total x-component E, of the field at P, we integrate 
this expression over all segments of the ring, 1.e., 


l xdQ 
E, =f = foe 2\3/2 
4m€, (x° +a“) 

Since x does not vary as we move from point to point around 
the ring, all the factors on the right side except dQ are constant 
and can be taken outside the integral. The integral of dQ is just 
the total charge Q, and we finally get 
l xQ a , 
372 | „(i) 


Ame, (x° +a’) 
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E=Ei= 


X 


Electric field is directed away from positively charged ring. For 
x = 0, E = 0, this conclusion may be arrived at by the symmetry 
consideration. At a large distance from the ring, the electric field will 
be zero. Hence, it should have certain maximum value between x = 0 
and x = œ (or x =—<e). If we maximize Eq. (i), we can get the value 
of x, as well as E£_„ For the maximum value of E , we get 


d l 1 x 
a Ome lag 
dx | 4ne, (a? Zol 


(8 +a PP =3) 5? +0)!72x) 


or 
(x? +a’) 
2 2 2 a 
or (x +a“ )—3x = 0 or x =+—— 
V2 
y 
eno, Sete ee ee eee 
x(to—co) ! x (to + 00) 
i i 
1 I 
— Poe 
1 1 
I I 
I U 
1 I 
E EEEE EAE ome: es Lasd aema aw eee a > 
1 1 
1 
1 


The maximum value of the electric field is 


a. 20 
me Ane. | 3x3 a 


ELECTRIC FIELD DUE TO AN INFINITE 
LINE CHARGE 


A positive electric charge Q is distributed uniformly along a line, 


lying along the y-axis. Let us find the electric field at point D on 
the x-axis at a distance r, from the origin. 


We divide the line charge into infinitesimal segments, each of 


which acts as a point charge; let the length of a typical segment 
at height / be dl. If the charge is distributed uniformly with the 
linear charge density A, then the charge dQ in a segment of length 
dl is dQ = Adil. At point D, the differential electric field dE created 
by this element is 


qp- 2 Adi _—_—_l 
Aner sec’ 0 


(i) 


r = ro sec 


In triangle AOD, OA = OD tan 0, i.e., /= r, tan 8. Differentiatin 
this equation with respect to 0, we get d/= h) sec? Odo 
Substituting the value of dl in Eq. (i), we get l 


_ Adé 
ANE h 
Field dE has components dE , dE given by 
dE, _ Acos@d@ and dE, _ Asin ede 
i ATEN i ATE 


On integrating the expression for dE, and dE, in limits | 
0=—n/2 to 0 = +7/2, we obtain E and E. Note that as the length | 
of the wire increases, the angle @ also increases. For a very long 
wire (infinitely long wire), 0 approaches 7/2. “| 


E +71? 1 cos@ d@ _ oA 


E 


"iyn ME ZNE 
+7%/2 . 
À sin 0 d0 
and E, = | ——_—=0 
z J ATEN, 
Thus, E =E,= A 
ATE Kh 


Note: Using a symmetry argument, we could have guessed 3 
that E, would be zero; if we place a positive test charge at 
D, the upper half of the line of charge pushes downward on 
it, and the lower half pushes upward with equal magnitude. 


If the wire has finite length and the angles subtended by the 
ends of the wire at a point are 0, and 0,, the limits of integration 
would change. 

+02 
” Acosé dé 
E = J ee 


BA ATEN 


(sinð, +sin 0,) 


ANEH 
_*P Asinede 


yo i 
-A ANE, to 


= A (cos 0, — cos 0,) 

ATEN 
If we wish to determine field at the end of a long wire, we "A 
substitute ©, = 0 and 0, = 7/2 in the expressions for E, and Fy 
S\ 


© 


to 


i.e., 


A (=) A 
= sin(O)+sin} — | | = 
E, Z| (0) 2 ATEN, 


eosto) -cos 2) = A 
and E, ANE," 2 ATEN 


eda ennai ra = À (Perpendicular away) 
aE 


A (Parallel away) 
Eo" 


Magnitude of the resultant field E is 


a er NDA 
|= E+E, T Aner, 


FẸ makes an angle @ with the x-axis, where 


tan 0= |E IE] = 1; 0= 45° 


FIELD OF UNIFORMLY CHARGED DISK 


Let us find the electric field caused by a disk of radius R with 
a uniform positive surface charge density (charge per unit 
area) O at a point on the axis of the disk at a distance x from 


its center. 

The situation is shown in 
figure. We can represent this 
charge distribution as a collection 
of concentric rings of charge. We 
already know how to find the 
field of a single ring on its axis 
of symmetry; therefore, we will add the contribution of all the 
rings. As shown in the figure, a typical ring has charge dQ, inner 
radius r, and outer radius r + dr. Its area dA is approximately 
equal to its width dr times its circumference 27r, or dA = 2r 
dr. The charge per unit area is o= dQ/dA, so the charge of the 
ring is dQ =o(2ardr), or dQ = 2nordr. The field component 
dE at point P due to charge dO of a ring of radius r is 

1 (2nordr)x 


dE, = 
= pre (x +r?" 


To find the total field due to all the rings, we integrate dE, over 
r. To include the whole disk, we must integrate from 0 to R (not 
from -R to R), i.e., 
R R 
B 1 (2nordr)x 
= [ae, = fae, = l +r” 
0 0 0 
Remember that x is a constant during the integration and that 
the integration variable is r. The integral can be evaluated by the 
use of the substitution z = x? + 7°. After calculation, the result is 


E eli CE (i) 
2€| Vx?+R? XJ) El vVx°+R 
In figure, the charge is assumed to be positive. At a point on the 


naan axis of a uniformly charged ring, the electric field due 
0 the ring has no components perpendicular to the axis. Hence, at 


Coulomb’s Law and Electric Field 1.21 


point P in the figure, dE = dE, = 0 for each ring, and thus the total 
field has £, = E£, = 0. l l a 
Again, we can ask what happens if the charge distribution gets 
he radius R of the disk, 


very large. Suppose we keep increasing t ‘ 
simultaneously adding charge so that the surface charge density O 


(charge per unit area) is constant. In the limit that R is much larger 
than the distance x of the field point from the disk (R >> x), Le., 
the situation becomes the electric field near infinite plane sheet of 


charge. From Eq. (i), we get 


X O 
B= 5, T e a) T 
f xl — l=; 
x 
AsR > x, —> 0 
E 
' oO 
and we get E, = —— 
" 26 


he distance x from the plane. 


Our final result does not contain t 
e the 


This is a correct but rather surprising result. We observ 
following: 

e The electric field produced by an infinite plane sheet of 

charge is independent of the distance from the sheet. 

e The electric field is uniform; everywhere its direction is 
perpendicular to the sheet and away from it. 
The infinite plane sheet of charge is a hypothetical case. In 
real practice, there is no such infinite plane sheet of charge. 
But if the dimensions of the sheet are much larger than the 
distance x of the observation point P from the sheet, the 
field is very nearly the same as for an infinite sheet. 


FIELD OF TWO OPPOSITELY 
CHARGED SHEETS 


Two infinite plane sheets are placed parallel to each other, 
separated by a distance d (as shown in figure). The lower sheet 
has a uniform positive surface charge density o, and the upper 
sheet has a uniform negative surface charge density -o with the 
same magnitude. Let us find the electric field between the two 
sheets, above the upper sheet and below the lower sheet. 


y 


Sheet 2 -0o Ha 


Sheet 1 +o MISE. 


The situation described in this example in an idealization of 
two finite, oppositely charged sheets, like the plates shown in 
figure. If the dimensions of the sheets are large in comparison 
to the separation d, then to good approximation we can consider 
the sheets to be infinite in extent. We know the field due to 


can then find the 
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ane sheet of charge. We in ; a 
principle of superposition of eclectic 
lower sheet of positive charge, and let 
ative charge; the fields due to 
and both have the same 
far from cither sheet, 


a single infinite pl 
total field by using the 
fields. Let sheet 1 be the 
sheet 2 be the upper sheet of neg 
each sheet are E, and £,, respectively, 
magnitude at all points, no matter how 
i.e.. E, = E, = 0/2€,. 

At all points, the direction ot ; | 
charge of sheet 1, and the direction of E, is toward the negative 
charge of sheet 2. These fields, as well as the x- and y-axes, are 
shown in the figure. At points between the sheets, the fields 
add each other, and at points above the upper sheet or below 


E, is away from the positive 


Symmetry plays a very importan 
symmetrically. Some cases of symmetry are as follows: 


distnbution 


Line divides the 
charge distribution 


| Line divides the symmetrically 
ae Serene 


E a = [ae cos @ 


Line divides the 
charge distribution 


ae symmetricall 
ae o/2 A 


distribution 


| | symmetrically 

corre A circular arc 
| distribution eee 
| Ea = [dE cosé E, = | dE cos 


Three point charges, at the 


Two point charges 
corners, of an equilateral triangle 


© 


---@+ 
fs 


ff 


t nm nm nn -- = - ~--- Fe - 


y Ei 
Line divides the 


Fm Sea t9 ta 13 aÅ a m a a a 


© charge distribution 

= symmetrically 
Here, lz; = |E:| 
E= 2\E,|cos@ 


(—— Line divides the 
charge distribution 

symmetrically 
Here, electric fields at P due to 
charges (1), (2), and (3) are equal 
Le., x ' 

= = 

Hence, £ „ = 3|E i [coso 


COSS 


trole in problem solving. Electric field is in the direction along the line that divides the charge distribution 


= E they cancel each other. Thus, the total fka | 
{ 


0 above the upper sheet 


co between the sheet 


above the upper sheet 
0 


Because we considered the sheets to be infinite, our result 
does not depend on the separation d. 


Charged disk 


Four point charges at 
the corners of a square 


O) Line divides the 
@ charge distribution 
foul symmetrically 


Line divides the 
charge distribution 


symmetrically 
a 


Net field at a point on the 
axis is along the axis of the 
disk. 


The electric field at 
point P due to charges 
(1), (2), (3), and (4) is 


|E,|= E> =|E;| = Bi 


Hence, the net electric 
field at Pis 


Ene = 4|E,|cos6 


Some Useful Results 


A charged rod of fixed Semi-infinite rod having 
length having charge charge density A j 


density A 


REES E, (Perpendicular 
away) 

4 k— r — E, (Parallel away) 
E = (sin 0, +sin@, ) A 

Er i o 

1 ATEN 
E, =——(cos@, -c À 

Aner K ATE Ky 


semicircular ring having} Quarter circular ring having 
saree density À charge density A 
c A oe 


‘ DNE 
E, =0 


= 2er 
E,=0 
| Charged disk 


A rod of length /, has a uniform positive charge per unit length 
and a total charge Q. Calculate the electric field at a point P 


located along the Jong axis of the rod and at a distance a from 
one end (figure). 
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' Sol.” The field dE at P due to each segment of charge on the 
rod is in the negative x direction because every segment carries 
a positive charge. 

Because the rod is continuous, we are evaluating the field 
due to a continuous charge distribution rather than a group of 
individual charges. Because every segment of the rod produces 
an electric field in the negative x direction, the sum of their 
contributions can be handled without the need to add vectors. 

Let us assume the rod is lying along the x-axis, dx is the 
length of one small segment, and dq is the charge on that 
segment. Because the rod has a charge per unit length A, the 
charge dq on the small segment is dq = A dx. The magnitude 
of the electric field at P due to one segment of the rod having 
a charge dq is 


dq _, A dx 


2 2 
x x 


The total field at P is 


dE =k, 


l+a 


E= f KAS 


If k, and A = Q// are constants and can be removed from the 
integral, then 


l+a [+a 
dx l 
E=kA Toral- 
e J x? e f 


x 


(11) 2 
~ eTr\a l+a) a(l+a) 


If a — 0, which corresponds to sliding the bar to the left until 
its left end is at the origin, then E — œ. That represents the 
condition in which the observation point P is at zero distance 
from the charge at the end of the rod, so the field becomes 
infinite. 


A ‘uniformly charged wire with linear charge density A is 
placed in the form of a semicircle of radius R. Find the electric 
field generated by the semicircle at the center. 


Sol.” We consider a differential 
element d/ on the ring that subtends 
an angle dô at the center of the ring, A dh, 
i.e., dl = Rd@. So the charge on 
this element is dQ = å Rd@. This ee 
element creates a field dE, which 
makes an angle @ at the center as | 
shown in figure. 7 
For each differential element in the 


upper half of the ring, there corresponds a symmetrically 
placed charge element in the lower half. The y-components of 
the field due to these symmetric elements cancel out, and the 
x-components remain. So, we get 


dE, = dE cos 9 =— 12 cosg = MRA) C088 


TER 4re,R? 


,; 8=—te 
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i 0 
On integrating the expression for dE, with respect to angle 


in limits 0 =—7/2 to 0 = +7/2, we obtain 


+n/2 
E= Ane R’ 2ne,R 


-ni2 i 
In terms of the total charge, say Q, on the ring, A= O/nR and 


we get E = Q/27e,R’. 


If we consider the wire in the form of an arc as shown in 
figure, the symmetry consideration is not useful in canceling 
out x- and y-components of the fields, if 0, and 0, are 


different. We will integrate dE, as well as dE, in limits 0 = —0, 


to 0 = +8,. 
+02 
= sO0d0= sin 0, +sin@, ) 
E, Í 4re,R? i 4TE,R ii : 
+02 
E, =- Í aa > sin@d@ = (cos 8, —cos 8, ) 
"4 AMER 4me,R 


For a symmetrical arc, 0, = 0,. Thus, E vanishes and 


A long wire with a uniform charge density A is bent in two 
configurations shown in Figs. (a) and (b). Determine the 
electric field intensity at point O. 


For Fig. (a), field due to segment 1 is 


E | A a À A 
i 1+|- j 
4nEe,R 4TE,R l 


Field due to segment 2 is 


Field due to quarter shape wire segment 3 is 


= A |, À 
E = A Paes a 5 _ 5 z 
' l a C~ 0, = 90°,6, = 0°) 


Segment | 


Segment 3 Segment 2 


Segment (3) 


Segment (2) 

The resultant field is the superposition of the fields due to eag 
part, i.e., 

E=E,+E,+E, 


Substituting the values of E, E,, and E, in Eq. (i), we get 


= À a A Ry 
E= I+ J 
a eal 
5/2 
|- a) (4 \ _ v2 
| 4me,R ATER}. 4TE R 


Here, E =E = is 
” 47E,R 


Hence, the resultant field will make an angle of 45° with the 
For Fig. (b), field due to segment 1 is 


= 4 & 
E = i-j 
ae j] 
Field due to segment 2 is 
= À , 
"2 Agre,R 
D dem a 
-2 4ne R 
7 a w a 
E, =— i+ j 
? 4ne,R j] 


Field due to segment 3 is 
pa 
27E,R 


From the principle of superposition of electric fields, 


Hence, the net field is zero. 
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Sol. The infinite charged sheet with a circular hole can be 
considered superposition of an infinite sheet of charge density 
o and charged disc of charge density —o. From the principle of 
superposition, we have the following: 


Segment 2 


Segment | 


Circular disc of 
radius R having 
charge density -o 


Infinite sheet of 
charge having 


having charge density 
charge density +o 


+o and a circular hole 
of radius R 


Net electric field at P is the vector sum of electric fields due to 
both infinite sheet of charge (£,) and disc ( EY: 


Segment (3) 
Segment (2) E, P E, 
+o > 
Electric field due to infinite dielectric sheet is 

A segment of a charged wire of length /, charge density A Ē = a ) 

and an infinitely long charged wire, charge density A, lie in 2E, 

a plate at right angles to each other. The separation between Electric field at the axis of a disc of radius R is 

the wires is 7, Determine the force of interaction between the oO m . 

wires. E, =—]| 1- -== |") 

2€, x oe | 
Electric field near a long | Resul tercaddi 
wire is given by the expression Wire 1(% length) puan cree ieee 
A, a Stee, So 
P À x + Ea = £, + £, ate eae 
2ne,r ‘a oVvx +R 
The second wire ies in the 2. Wire 2 Force on the electron is 
nonuniform field of the first wire. F= Oex Ô 
Each element of the second wire | 2e, x? +R 
experiences different magnitude of ' 
dv oex 


field. Therefore, we consider differential element dx, and charge ae e 
dQ = /.,dx, at a distance x from the long wire. The force acting on dx Qe, fx? +R 


this element dF is 
A, Let the speed of the electron when it crosses the sheet be v. 
dF = EdQ= h,dx Then, 
aie í Ge { x 
The force acting on each element depends on x, the separation mfv dv= “Oe. eek dx 
between wire 1 and 2. Integrating the expression for dF in the 0 4Eo Jinx +R 
limits x =r, tox =r, + l, we obtain y? e ———— p 
or m=- CR] 
2 2E V3R 


An infinite dielectric sheet 
having charge density o has 
a hole of radius R in it. An 
electron is released from point 
P on the axis of the hole at a 
distance V3R from the center. 
Find the speed with which it 
crosses the plane of the sheet. 


Figure shows a_ hollow 
hemisphere, uniformly 
charged with surface 
charge density o C/m’, find 
electric field strength at its 
centre C. 
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elemental ring 
@ from its axis as sho 


on its surface of 
wn. 
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Let us consider an 

angular width d@ at an angle 
v 

* Rsind 
> 


2rRsinð x RdO 


e area of this ring will be ds = 
o-2nR’ sin@ dé 


The surfac 
e on this elemental ring is dq = ods = 


Charg 
Now due to this ring, electric field strength at centre C can be 
given as 
kdg (Ros @) 
dE = TRT sin 0+ R? cos’ 0)” 


_ ko -22R° me -Rcos@ - ako sin 20 d0 
Net electric field at centre can be obtained by integrating this 
expression between limits 0 to 7/2 as 


n/2 


E=[dE=nko | sin 20 d0 
0 


A system consists of a thin charged wire ring of radius R and a 
very long uniformly charged thread oriented along the axis of 
the ring, with one of its ends coinciding with the centre of the 
ring. The total charge of the ring is equal to q. The charge of 
the thread (per unit length) is equal to A. Find the interaction 
force between the ring and the thread. 


‘Sol Let us take an elemental charge on the thread at a 
distance x from the centre of the ring. 


Force dF on the element dF = (dq): E 

dg = charge in element = À- dx 
E = electric field due to ring. 

= = kgx 

=> dF= (4dr). TR” 

Net force on the wire, F = kgA i xd 

kg J "E 
Ay 
ATER 


Two mutually perpendicular long straight conducting rods 
carrying uniformly distributed charges of linear charge 
densities A, and A, are positioned at a distance a from each 
other. How does the interaction between the rods depend on a 


On integration we get, F = 


k 
| i 
Let us make two dimensional view of the situatig, 


metry we can say the force on rod 2 (A) willy 


because of sym 
der an element of lengi 


along negative y direction. Let us consi 
dx charged, having charge dé. 


‘ 


dFcos@ 


A 
Force on the element, dF = E,dqg =| —— m Adc) 
[A | i 


4 


The net force on rod ‘2’, Fe = JaF cos@ 


de =(A,dx).cos @ 


j J 2ne,Va +x 


where cos = E 
detr 

AA » ar Aa 1 xv 
= net = af a ee ia 

2m—, “wa +x 2ME& a al. 

A 

=> net = de : 

2&, 


CONCEPT APPLICATION EXERCISE 1-4 


1. Two pieces of plastic, a 
full ring and a half ring, 
have the same radius and 
charge density. Which 
electric field at the center 
has the greater magnitude? 
Define your answer. 


- 


_ 
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n aü — 


2. Two semicircular wires ABC and ADC, each of radius R, 
are lying on xv and xz y 
planes, respectively, 
as shown in figure. 
If the linear 
charge density of the 
semicircular parts and 
straight parts is À, 
find the electric field 
intensity Æ attheorigin. œ% 


A 
Mto +2 AXİS 


3, An infinite wire having linear charge density A is 
arranged as shown in figure. A charge particle of mass 
m and charge q is released from point P. Find the initial 
acceleration of the particle (at t= 0) just after the particle is 
released. 


Semicircular 
loop 


7 
rd 


4. A ring of radius R has charge —Ọ distributed uniformly 
over it. Calculate the charge that should be placed at the 
center of the ring such that the electric field becomes 
zero at a point on the axis of the ring at distant R from 
the center of the ring. 


5. A charged particle q of mass m is in equilibrium at 
a height h from a horizontal infinite line charge with 
uniform linear charge density À. The charge lies in the 
vertical plane containing the line charge. If the particle 
is displaced slightly (vertically), prove that the motion of 
the charged particle will be simple harmonic. Also find 
its time period. 


ANSWERS 


1. Due to semicircular ring 


-A . 
S63). oe ee: a2 


2. . . 
2ne,R 2ne,mR 2/2 
2 
5. 27 mh 
Igi 


LINES OF FORCE 


We have defined the electric field mathematically. Let us now 
ĉxplore a means of visualizing the electric field in a pictorial 
‘Presentation. A convenient way of visualizing electric field 
Patterns is to draw lines, called electric field lines. The lines of 
‘TCE provide a nice idea to visualize the pattern of electric field 
ie Space. We assume that the space around a charged body 
hes ele some lines known as electric lines of force. “These 
the lin orce are drawn in space in such a way that the tangent to 

une at any point gives the direction of the electric field at that 
Point.” It has been found quite convenient to visualize the electric 
teld in terms of lines of force. 


PROPERTIES OF ELECTRIC LINES OF FORCE 

The electric field vector E is tangent to the electric field line at each 
point. The line has a direction, indicated by an arrowhead, that is the 
same as that of the electric field vector. The direction of the line is 
that of the force on a positive test charge placed in the field. 


—. 


a 
Amm 
. 
an Q p Y Eg 
Direction of electric A 
field at point P X 


Direction of electric 
a NN Siting field at point Q 
‘Electric field line 


The number of lines per unit area through a surface 
perpendicular to the lines is proportional to the magnitude of the 
electric field in that region. Therefore, the field lines are close 
together where the electric field is strong and far apart where the 
field is weak. 

No field line originates or terminates in the space surrounding 
a charge. Every field line is a 
continuous and smooth curve 
originating from a positive charge 
and ending on a negative charge. 
If one type of charge is in excess, 
some lines will begin or end 
infinitely far away. 

Two electric lines of force 
never cross each other, because 
if they do, intensity will have 
two directions at the point of 
intersection, which is absurd. A B 

Field lines do not pass through the conductor. This indicates 
that the electric field within the conductor is zero. The field 
lines are perpendicular to the surface of the conductor. Had it 
been not so, there would have been a component of the field 
along the surface of the conductor and a current would flow 
through it. But no current flows in such an electrostatic situation. 
“Thus, the electric field just outside the surface of the conductor 
is perpendicular to its surface.” 


The magnitude ofthe | 


field is greater on surface 
A than on surface B. 


Tl 


Note: The tangent to the line of force at a point in an electric 
field gives the direction of intensity or force or acceleration, 
which a positive charge will experience there, but not the 
direction of motion always. So a positive point charge free 
to move in an electric field may or may not follow the line of 
force. It will follow the line of force if it is a straight line (as 
direction of velocity and acceleration will be same) and will 
not follow the line if it is curved as the direction of motion 
will be different from that of acceleration and the particle will 
move neither in the direction of motion nor in the direction of 
acceleration (line of force). So, in general, the trajectory ofa 
charged particle is not the same as that ofa field line. 
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DIFFERENT PATTERNS OF ELECTRIC 
FIELD LINES - 


A positive charge and a negative charge of equal magnitude (an electric di 
The field is cylindrically symmetric about the line joining the charges, i i 


—— field pattern is same in all planes passing through the line joining charges 
Electric field lines of an isolated positive point charge are directed radially 


outwards. They extend to infinity. The field is spherically symmetric, i.e., it 
looks same in all directions, as seen from the point charge. 


N 


=-= 
\ tit 
x ` 
\ 
\ 


N 


Two positive charges of different magnitudes (|q,|<|g,|). The field is 
cylindrically symmetric about the line joining the charges, i.e., the feld 
pattern is same in all planes passing through the line joining the charges. 


} 


Two equal positive charges. N is the neutral point lying at the 


| middle of the charges. The field is cylindrically symmetric about E LECT ROSTATI C S H | E L D J N G 


| the line joining the charges, i.e., the field pattern is same in all 


planes passing through the line joining charges. ( O R SC REE N | N G ) 


Í 

p pE Electrostatic screening is the process of limiting the electric fel 
oo a wN 
A Boa) % 


fy l to a certain region of space. 
A ™ : 7 | 
WK Oo N D f : 

/ 


| \ x san 4 Neutral point | 


Á is the positive and B is the negative charge of n 
magnitudes (\q,|<|q,|). The field is cylindrically symmetric 
about the line joining the charges, i.e., the field pattern is 
same in all planes passing through the line joining charges. 


An earthed conductor acts as a screen (or a shield) against 
electric field. If we place a metal screen XY near a charged b 


> g B, the resultant electrostatic field due to electrostatic inducti 

gg is as shown in Fig. (a). But when the conductor XY is earth 
al f r the free induced positive charge on it flows to the earth and 

# -a aD it the lines of force emanating from it disappear as show? 


Fig. (b). Thus, the region to the right of XY is shielded from 
field due to B. It is to be noted that the shielding surface 
or may not be continuous. Continuous shielding surfaces, ¢ 
Faraday cages, are hollow conductors and are based on the 
that electric field inside a hollow conductor is zero. To prot 
people and dielectric instruments from external electric fie 


Electric field lines of an isolated negative point charge are 
directed radially inward. The field is spherically symmetric, i.e 
it looks same in all directions, as seen from the point charge 


we enclose them in such cages and leave them unearthed. An 
nerating high voltage is also enclosed in such a 


apparatus ge : 
cage to prevent its field from spreading out. But such a cage 1s earthed. 


Charges +q and —2q are fixed 
at distance @ apart as shown in qiyi 


figure. 
(a) Sketch roughly the pattern 
of electric field lines, 
showing the position of neutral point. 


(b) Where should a charge particle q be placed so that it 
experiences no force? 


Let the net force on q at P 
be zero. Then. 


yy (d+x — V2=1 


The field lines for two point charges are shown in figure. 
(a) Is the field uniform? eo 


| P DS gs. 
(b) Determine the ratiog,/g, \ / AnA 
(c) What are the sign of ED: BO o ie 
q, and 4,’ fees f 
(d) Apart from infinity, L AOS 


where is the neutral point? 

(e) If q, and q, are separated by a distance 10( J2-1) cm, 
find the position of neutral point. 

(f) Where will the lines meet which are coming from A and 
are not meeting at g,? 

(g) Will a positive charge follow the line of force if free to 
move? 


(a) No 
(b) The number of lines coming from or coming to a charge is 
proportional to the magnitude of the charge, so 
12 
lisik 

° 4 6 
(c) q, is positive and q, is negative. 
(d) Cis the other neutral point. 
(e) For neutral point 

] da | du 


E =E => —-— = — — 
a. 4ne, (1+x) 4m€, x’ 


l+x/V 
or (=) = 44 =2 or x=10cm 
ds 


Coulomb's Law and Electric Field 1-29 


(f) At infinity. 


(g) No. As lines of force are A B Ey C 
curved, the direction of oe eh Ail Ff 


velocity and acceleration l 


will be different. Hence, a charge cannot follow strictly 
the lines of force. Also to move on some curved path, 
centripetal force is required, whereas the lines of force will 


provide only tangential force. 


A metal plate M is grounded. A point charge +0 is placed in 
front of it. Consider two points A and B as shown in figure. At 
which point (A or B) is the electric field stronger? At which 


point is the potential higher? 
M 


OQ 


4 
B 


“Sol. | Negative charge gets induced on the metal surface. 
Field lines are as shown. Density of lines is higher at A 
E, = E; 


MOTION OF CHARGED PARTICLE IN 
UNIFORM ELECTRIC FIELD 


When a charged particle is placed in an electric field. it 
experiences an electrical force. If this is the only force on the 
particle, it must be the net force. The net force will cause the 
particle to accelerate according to Newton’s second law. So 


F, = qE = mā 


If E is uniform, then & is constant and @ = gE 'm. If the particle 
has a positive charge, its acceleration is in the direction of the 
field. If the particle has a negative charge, its acceleration is in 
the direction opposite to the electric field. Since the acceleration 
is constant, the kinematic equations can be used. 


A particle of mass m and 
charge q is released from rest 
ina uniform field of magnitude OTT ae à 
E. The uniform field is B En 

e uniform field is h j 
created between two parallel -ø | 

k OCN x 

plates of charge densities +o ¥ 
and ~-o, respectively. The ons 
particle accelerates toward the other plate a distance d apart. 
Determine the speed at which it strikes the opposite plate. 
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The applied electric field is E=-E,j. The force 
experienced by the charge q 1S 
F= gE =-qEyJ Ea 
The force is constant, and so the acceleration 1s constant as 
well, 1.€., 
a= 
m m 


Because of constant acceleration, the particle moves 1n the 
negative y-direction; the problem is analogous to the motion of a 


mass released from rest in a gravitational field. From equations 
of motion, we get 
a i 
y= parie .„(1) 
y v0 ) m 


l 2 1 qÉ, 2 .. 
and yent or0=d+0-7 5 t ..-(11) 


The particle starts at y, = d, and impact occurs at y = 0. 


7 2dm E 
From Eq. (11), we get t= 
qE, 


1/2 
. E, | 2d 2qE,d 
From Eq. (i), we get v= -5 2am) 2a fs ae a 
m \ gE, \ m 


A uniform electric field E exists between two metal plates, 
one negative and other positive. The plate length is / and the 
separation of the plates is d. 

(a) An electron and a proton start from the negative plate 
and positive plate, respectively, and go to opposite 
plates. Which one of them wins this race? 

(b) An electron and a proton start moving parallel to the. 
plates toward the other end from the midpoint of the 
separation of plates at one end of the plates. Which of 
the two will have greater deviation when they come out 
of the plates if they start with the 

(i) same initial velocity, 
(ii) same initial kinetic energy, and 
(iii) same initial momentum. 


ll 
N 
ars 3 
© 
lan } 
|i 
nE x 
A . 
= 
JNE 
Nn — 
— 


= 
. Asm, m, SO Pe t, Hence, electron will take less time, 
1.€., the electron wins the race. 
(b) Time to cross the plates is ¢ = 


> 2 
y= —-at = s(t 
2 2m\u 


l/u. Deviation is 


—— 


2 
f Ve _ M, "Ha 
or — a 
Y, M(t ( 


Ye pP y 
a 
As m, > M, S0 Y, > Yy Hence, the deviation of th 
electron will be more. 


(ii) From Eq. (i), 
2 

LOE ee =] (as given) 
Yp mU, 


Hence, the deviation of both the electron and the proto, 
will be the same. 


(iii) From Eq. (i), 


2 
Ve = M,“ p m, = m, 
Yp m, u, m. mM, 


As m, < M, 80 Y, < Yy Hence, the deviation of proton 
will be more. 


A particle having charge that E 
of an electron and mass 1.6 x u 
10% kg is projected with an 
initial speed u at an angle 
45° to the horizontal from the 
lower plate of a parallel-plate 
capacitor as shown in figure. The plates are sufficiently 


Take the electric field between the plates as 10° Vm" 
upward. 


So Resolving the velocity of the particle parallel anc 
perpendicular to the plate, we get 
u, =ucos45°=—= and 1 in 45° = — 
= == i, =usin45° = —= 
i ao B 
Force on the charged particle in the downward direction 4 
normal to the plate is e£. Therefore, acceleration a = eE/m, whe 
m is the mass of the charged particle. The particle will not hit t 
upper plate if the velocity component normal to the plate become 
zero before reaching it, i.e., 0=-u?, -2ay with y < d, where d 
the distance between the plates. Therefore, the maximum velocll 
for the particle not to hit the upper plate (for this y = d = 2 cm) 8 


9 -19 3 25 
uy = ,/2ay =, oor 


=2x10° ms"! 


Or Unax =u, /cos45° = 2/2 x10°ms”! 


1. 


2. 


a 


Is an electric field of the type shown by the electric lines in 
figure physically possible? 


— 


Figure shows three electric field lines. 
ay 


xX 


A 
E -— — 
PF OS 
(a) What is the direction of the electrostatic force on a 
positive test charge placed at points A and B ? 
(b) At which point, 4 or B, will the acceleration of the 
test charge be greater if the charge is released? 


Figure shows that £ has the same _ m 
value for all points in front of an sit mS 
infinitely charged sheet. Is this < > 
reasonable? One might think that 5 a 


—>— = 


the field should be stronger near 
the sheet because the charges are 
so much closer. 


+++ ++ 4+ 4 


> 


. Two point charges Q and 4Q are fixed at a distance of | 


12 cm from each other. Sketch lines of force and locate 
the neutral point, if any. 


. An electron (mass m,) falls through a distance d in a 


uniform electric field of magnitude £. 


ee eee + + + + + 
T yooo a A | | ] 
| E | | | | +e 
| | LS] 
d | | X | | | d 
| | Y | 
| | | 
x | yyt â tt 
+ + + + + - - - - - 
(a) (b) 


The direction of the field is reversed keeping its | 


magnitude unchanged, and a proton (mass m,) falls 
through the same distance. If the times taken by the 
electron and the proton to fall the distance d iS by. iron ANG 


tose respectively, then the ratio ee | ere ~ 


. Figure shows the tracks of —_________— @ | 


, , F+++++++++ 
three charged particles in a A~ A 


uniform electrostatic field 5-7 ------: 
projected parallel to a plate m 

with the same velocity. Give 9 ==-====—= O 
the signs of the three charges. 

Which of the three particles has the highest charge-to- 
mass ratio? 


. Two charged metal plates in vacuum are 10 cm apart. 


A uniform electric field of intensity (45/16) x 10° NC” 
is applied between the plates. An electron is released 
between the plates from rest at a point just outside the 
negative plate. 
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(a) Calculate how long (t) will the electron take to 
reach the other plate. 
(b) At what velocity (v) will it be going just before it 
hits the other plate? 
8. An electron moving in a gravitational free space enters 
a uniform electric field £ with an initial velocity v, as 
shown in figure. 


Screen | 
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bo 
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(a) Find the deflection distance A in the field. 

(b) Find an expression for the velocity of electron when 
it just emerges from the field. 

(c) Find an expression for the total deflection distance 
H at a vertical screen placed at a distance / from 
the region of uniform field. (Assume that the field | 
abruptly ends outside the field.) 


9, Protons are projected with an initial speed v, = 6 kms" 
from a field-free region E =-900j NC" present above | 
the plane as shown in figure. The initial velocity vector of 
the protons makes an angle u with the plane. The protons 
are to hit a target that lies at a horizontal distance of 
R=2 mm from the point where the protons cross the plane 
and enter the electric field. Find the angle 8 at which the 
protons must pass through the plane to strike the target. 


| 


= 9007 NC! 


ANSWERS 


2. (a) Along tangent at points A and B (b) 4 


5, | 6. Particle 3 
m, 
7. (a) 2 x 10s (b) 10’ m/s 
eE |n, a | eEl \^ 3eEl` 
so | J b) vi + eL) c > 
2mv,, oem mV j ©) 2mv, | 


9, 15° 


ELECTRIC DIPOLE 


An electric dipole is a system of two equal and opposite point 
charges separated by a very small and finite distance. Figure 
shows an electric dipole consisting of two equal and opposite 


———————— 


1.32 _Flectrostatics and Current eectrcfty = 
and +q separated by a small distance sar 
ctric dipole is measured by a vector q y 

moment. Its magnitude 1S equs (0) 
de of either charge and the distance 
The direction of p 18 from 


point charges -q 
strength of an ele 
known as electric dipole 

the product of the magnitu 
between the two charges, 1.¢.. P 7 2ql. 
the negative charge to the positive cl 


units, p iS measured in coulomb-meter. 


+q 
Qa 
E 
29X dr 


A system has two charges q, = t4. 
107 C and q, = +2.5 X 107 C located 


at points A: (0. 0. —15 cm) and B: (0, p 

0. +15 cm), respectively. What are Q J 
the total charge and electric dipole 

moment ofthe system? x i 


The two charges q, and q, are equal and opposite and 
situated a fixed distance apart, from an electric dipole. Thus, the 
total charge of the system is 

q,+q=2.5x107C-2.5x10"C=0 
The distance between the two charges is 2a = 30 cm = 0.3 m. 
So the dipole moment of the system is either charge x 2a 
= (2.5 x 10” C)(0.3 m) = 7.5 x 10° Cm 


The direction of p, as shown in figure, is from B to 4, i.e., 
along the negative z-axis. 


Three charges +g, +g, and —2q are placed at the vertices of 
an equilateral triangle. What is the dipole moment of the 
system? 


WB) Charge -g at C and +g at A form one dipole, and 
the remaining charge —g at C and +g at B form another dipole 
(figure). 


i 
i 
' 
i 
I 

J 


Equivalent dipole 
diagram 


5 4 ‘ 

Q J 

A 1 a — | ) H 
a (+4) (+q) hi 


é 
7 


`~ 
` r 


Dipole mom Prem p 
ent along CA is ; j 
x , ‘ qa, and dj o] a i i j 
1s ga. So the net dipole moment is ii aa 


= 2 
P=,(qa)’ + (ga) + 2(qa)(ga) cos 60° = V3qa 


p acts along CD, which bisects the angle (60°) at C 


eee 


rarge. In the SI system of 


ELECTRIC FIELD DUE TO A DIPOL ` 


ELECTRIC FIELD INTENSITY DUE TO AN ELECTRIC 


DIPOLE AT A POINT ON THE AXIAL LINE 
ough the negative and positive charges ofi 


A line passing thr i 
p d the axial line of the electric dipole, 


electric dipole is calle 
y 


_ © _@ r z >z 
E E B C PA E, E E, 
D 7 ) en 
< o— d 9 s P i 
B H 


Fq 
an 
r 

Suppose an electric dipole AB is located in a medium of dielecty, 
constant K (as shown in figure). Let the dipole consists of ty 
point charges —4 and +g separated by a short distance 2l. Let 

be an observation point on the axial line such that its distan 

from the midpoint O of the electric dipole is r. We are intereste 
to calculate the intensity of the electric field at P. 


Axial line 


l q 
E, Ane K n 
TEK (r—1) 


due to q at P 
(along the direction O% 


and £,= 4 dueto -q at P 


~ Ame,K (r+) 

(along the direction 0B) 
The intensities Æ, and Æ, are along the same line but in opposite 
directions. Since £, > £,, the resultant intensity E at the point A 
will be equal to their differences and in the direction AP. Thus. 


Lf. ihnen 
4nE,K (r-l) 4me,K (r +l 


a | 4r |__| 22gbr | 
Ane K| (° -PY | 4meK L(r? -rF | 


But 2q/ = p = electric dipole moment, so 


f= l spr l 
Ane K (r -EY 


If / is very small as compared to r (J « r), then F is negligibli 
in comparison to °. Then the electric field intensity at the poin 
P due to a short dipole is given by | 


l 2 pr S l 2p 


ii spy oA ; 
4me,K r° 4me,K r` 


If the dipole is placed in air or vacuum, then K = | and 


Note: The direction of electric field E is in the direction of 


Pp, i.e., parallel to the axis of dipole from the negative charg? 
toward the positive charge. 


1 2p 


— 


ATE r 


In vector form, we can write F= 


ELECTRIC FIELD INTENSITY DUE TO AN ELECTRIC 
DIPOLE AT A POINT ON THE EQUATORIAL LINE 


An equatorial line of the electric dipole is a line perpendicular 


to the axial line, and it passes through a point midway between 
charges. Let us now suppose that the observation point P is situated 
on the equatorial line of the dipole such that its distance from the 
midpoint O of the electric dipole is r as shown in figure. Let 
us assume that the medium between the electric dipole and the 
observation point has dielectric constant X. 


l — 
q (along the direction PD) 


AE 


ATEK (r° +i) 


ad E, = aT (along the direction PC) 
0 


The magnitudes of £, and Æ, are equal but directions are different. 


Net intensity 1s 


E=E,cos@ + E, cos @ (since components cancel out) 
] ] 
4 cos 0 + 4 cos 


~ ane, K (r° +t) 4ne,K (r° +P) 


| | 
— 1 —X2cos0 (along the direction PR) 
ATEK (r +T) 


But from figure, 
cos@ = OA = a = pan ae 
PA (OP? +04)” (e+e) 
| q 2/ ] 2ql 
3/2 


— 
m 


Ane K (+P) (+P) Ane K (HP) 
But 241 = p = electric dipole moment, so 


l p 


Es 


X ——— 
4ne,K (r? + P ee 
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If / is very small as compared to r (/ « r), then l° is negligible 
in comparison to 7*. Then the electric field intensity at the point 


P due to a short dipole is given by 
| p | 


ls 


= x = 
4ne,K (PYP 4n€,K r 
If the dipole is placed in air or vacuum, then K = | and 
s A p 
ATE r 


The direction of the resultant electric field is opposite to the 
direction of the dipole moment, so we can write 


Note: The direction of the electric field E is opposite to the 
direction of P , i.e., antiparallel to the axis of dipole from the 


positive charge toward the negative charge. 


What is the force on a dipole of dipole moment p placed as 
shown in figure. 


O | A ~ 
tI- 
+q 


+q i 
SFAI +i > 


Force on any q by dipole is 


q P 
F= GE sinote = re, downward 
0 


So from Newton’s third law, force on the dipole due to both 


charges is 


2F = Ip y upward 
2ME,a 


ELECTRIC FIELD INTENSITY DUE TO 
A SHORT DIPOLE AT SOME 
GENERAL POINT 


Let AB be a short electric dipole of dipole 
moment p (directed from B to A). We 
are interested to find the electric field at 
some general point P. The distance of 
the observation point P with respect to 
midpoint O of the dipole is r, and the angle 
made by the line OP with the axis of the 
dipole is @. 

We know that the dipole moment of 8 
a dipole is a vector quantity. It can be 
resolved into two rectangular components 
p, and p,as shown in figure, so that 
P = P, + p,. The magnitudes of p, and 
p, are p, =p cos @ and p, =p sing. 


xial line of the i DIPOLE IN A UNIFORM 
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1.34 g 
a that point P lies on the a LOTE ee | 
the figure that point 1° iia atanivie Held | 
Faith moment. Hence, the magnitude of the eleo" ELECTRIC FIELD 
1po = ae <4 ae | 
intensity Æ, at P due to pı IS T 
l : ORQUE l A 
E ese apzog (along the direction OC) yall) When a dipole is placed in a eae as shown in Figur | 
| Ane j i D wich = GE +(-4)E = a 
Similarl Plies on the equatorial line of dipole with moment Pr. net force on it is Fp = 9 
vilarly, P hes € : a ae eT 
sees the magnitude of electric field intensity £, at P due to P, 18S I 
Poe sue sus (opposite to p,) ll) j 
"Ame T -s puf [ 
Hence, the resultant intensity at P is E = E +E, i $ 
The magnitude of Eis E= JE + E? (as E, and E, are a 
= soca Hence, the net force on a dipole is zero in a uniform electric fg 
pa 2? sos?) „| psin8 ) While the torque is 
-| Amer Arer t=qgExdsing = pExsing (as p= 94) 
—— oo uT . C 
__?P l VETRA t= pX E (by electric field) 7 
“oe and 7=ÆĒxp (ifthe dipole is in equilibrium) zi 
~ a p 1+3cos* 6 From the expression, it is clear that the couple acting on a dipe 
j - ; is maximum (= pE) when the dipole is perpendicular (o = 90% 
If the resultant field intensity vector £ makes an angle 9 with the the field and minimum (= 0) when the dipole is parallel (0 =( r 
direction of £, then | or antiparallel (¢ = 180°) to the field. à 
. 3 ? ] 
tan ô = B pone mr Të By applying a torque, the electric field tends to align a dipe 5 
© E 2pcos@/4ner 2 in its own direction. i 
Anelectric dipole having dipole moment , An electric dipole of dipole moment p is placed ina u om 
Pe Or a aca oat as electric field E. Write the expression for the torque 1 
equator is y-axis. At point P, located at experienced by the dipole. Identify two pairs of perpendicula 
distance r from the origin, the electri . à S a 
é j ae Ce ci. vectors in the expression. Show diagrammatically the orientata 
— ae ana homies Find the of the dipole in the field for which the torque is (a) maxinw 
(a) ops positions point P (value (b) half the maximum value, and (c) zero. 
E% W 
(b) magnitude of electric field at P. i PS0) As 7=pxÆĒ, the pair of perpendicular vectors 


(i) Ē and p and (ii) t and £. The required orientations of the di 
in the electric field are shown in figure. 


(a) The electric field E due to given 
dipole makes an angle @ with line 


OP such that 

. J . T- ) 
tan ģ = — tan ø oe |, f — f a a 

j 2 i 90° E 30°F ra P me 

. e S i > SOSEA ~O 
As electric field is along 
y-direction. Hence = 90-6 a x ` 
From (i) tan(90-0) =- tan@ l as 
2 
= tan’6=2 or tanĝ= J2 T= pE sin 90° t= pE sin 30° r= pE sin 0° 
pE maximum (T) = (1/2)pE = 1/2 (Taan) =0 


(b) Net electric field at P is given as 
a ~—Ji+3c0s’ 0 (il) ü i À 


TE,r 
es ILLUSTRATION 1,51 
J3 , 


a 4 A at 
An electric dipole consists of two charges of 0.1 uC separate i" 


n 2 by a distance of 2.0 cm. The dipole is placed in an exter; > 
fr _ Pp 1 y pole is placed in a dif 
om), E Ater 1+3{ 5) eo field of 10° NC-'. What maximum torque does the field exel y | 

2V2ne yr’ on the dipole? rs 


ly 


t= pEsin@ = qx 2axEsin@. The value of T will be 
maximum when sin@ = 1. So 


Tmax = 1077 x2x10° x10° x1 = 2x10 Nm 


_ 


ELECTRIC DIPOLE IN A 
NONUNIFORM ELECTRIC FIELD 


Ifan electric dipole is placed in a nonuniform electric field, there 
is a net force on the dipole in addition to the torque tending to 
align the dipole with the field. The net force depends on 
<. the orientation of the dipole with respect to the electric 
field, 
» the dipole moment of the dipole, and 
e how rapidly the field varies in space. 


QUALITATIVE DISCUSSION 
To clarify the basic ideas, let us consider only- the simplest 
situation where 

e the electric field has a constant direction and 

+ its magnitude increases steadily as we move in the direction 

of the electric field. 

Further, consider the following two cases: 
When 7 is parallel to Ē, i.e., pTTE 
Since the force F, acting on +q (lying in the strong field) is 
greater than the force F, acting on —g (lying in the weak field), 
the net force F = F, — F, is in the direction of increasing E, i.e., 
toward the region of the strong field as shown in figure. 


—_ 


a Strong field 


Weak field 
F, p F, F=F,-F, 
4 +q Net 
force 


When p is antiparallel to £ , i.e., pIVE 

Since the force F, acting on -q (placed in the strong field) 
is greater than the force F, acting on +q (placed in the weak 
field), the net force F = F _ — F, is in the direction of decreasing 
field, i.e., toward the region of the weak field as shown in 
figure. 


— 


E 
Weak field ———» Strong field 


P F=F,-F, 
+g -q Net 
b force 

F, F, 


i Thus, when pTT E, the dipole moves toward the region of strong 
a field (i.e., in the direction of increasing Æ) and when pT LE, 
e dipole Moves toward the region of weak field (i.e., in the direction 


QUANTITATIVE DISCUSSION 

ara dipole in a nonuniform electric field is subject 

the oh ila of a resultant force because the negative and 

n (—q and +q) of the dipole are located at 

shown į Points in the field, having different field strengths as 
n figure. 


Fy Nonuniform 


F, dl © ~~ electric field 


- eee 
= 


`~ 
— m am w n oe ~ 


Strong = x a 
field i ~à Weak field 


The resultant force is 


E —E . 
Pe R= F,= q8,- ab y= ai oe s) 


But ql = p is the dipole moment (/ being the length of the dipole) 
and (E, -— E,)/l = AE/Al is field strength gradient (i.e., the 
quantity showing the change in field strength per unit length). 

(il) 


AE 
Thus, from Eq. (i), F = Pay 


=,_| dE 
In differential form, |F |= pt 
bs 


where dE/dx is the gradient of the field in the x-direction. 

This force pulls the dipole into the region with a stronger field. 
It is due to this reason that a charged body attracts light objects 
such as pieces of paper, dust, pieces of foil, etc. By the action 
of the field, these objects first acquire a dipole moment and then 
pulled to a region where the field strength is greater, i.e., closer 


to the electrified body. 


Be Bee: Ret eed 8) iii 
pre $ 


In a certain region of space, electric field is along the 
z-direction throughout. The magnitude of electric field is, 
however, not constant but increases uniformly along the 
positive z-direction, at the rate of 10° NC! m™. What are 
the force and torque experienced by a system having 
a total dipole moment equal to 107 Cm in the negative 


z-direction? 


Here, p = 107 Cm z 
dE 
—=10 NC" m” 
Z 


From figure, m 
F =qË + (qE + dE) - qd E dE 
q aX dE)-qdE Fle O 
_ (Elez E , 


dE dE J 
Z| — |=- p— 
dZ | PUL / 
(as q dZ = p = dipole moment) 


Thus, F acts in a direction opposite to 
dE/dZ, i.e., along the negative z-direction. Further, 


-= dE N 
F =|F|= p— = (107 -5 — 1-2 
|F| Py ( cim){ 10 *\=10 N 


Since pL TE, t=0 (or T=pE sin 0= pE sin 180° = 0). 
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A positive point charge Q and a dipole of dipole moment p 
are arranged as shown in the given Figs. (a) and (b). Find the 
force acting on the dipole in each case. 


y v 

4 A 

Oo 

ik 

; a | 

Q i 

- R ~--------- Stk nane >A 

X : i p 

a a ——— À 

1 i] 

(a) (b) 


In Fig. (a). the charged particle is placed at the axial 
position of the dipole and in Fig. (b) the charged particle is placed 
on the equatorial position of the dipole. 

The force on the charged particle because of the dipole should 
be equal to the force on the dipole because of the charged particle 
as both the forces form the action reaction pair. 


: oo 2 
a 2 4ne, a 
: << 
Pee Oe.) do 
i 1 4ne, a i i 
r -= a | 
ee aaa OQ i 
P f 
a ae ` 
1 
(a) (b) 


From the above figure it is clear. Force on the charged particles 
in Figs. (a) and (b) are 


F=QE,=@Q:- —(-i) 
4 0 
2 1 pQ,.: 
F, = = (i 
or e a (—i) 
Hence the force on the dipole F, dipole = | 22g ) 
Ame, a 


Two dipoles of dipole moments P, and P are aligned along 
the x-axis and separated by a distance r as shown in figure. 
Find the magnitude of force of interaction between the dipoles. 


1 2p 


The gradient of electric field on the axis is n = seats OP 


r 4ne, r’ 
The magnitude of force of interaction between the two dipoles is 
dE ] 6p p 
F E a 2 
| g P2 n 47, r‘ 


1. Find the dipole moment of the combination of the charga 


. For the electrostatic charge system as shown in the figure 


. Two dipoles of dipole moments p, and p, are placed a 


. An electric dipole formed by two particles fixed at the ené 


. A dipole having dipole moment ‘p’ is place at the axis € 


Q, A = 
sae A R). ; 
aves. am ANSWERS 
1 pQ > 1 3pP: 
1. J2Qa G) 3. 
2 RNE, i 4nNE& F 
l 2L 
4, T = 2n.|—— aN eee 
2qE ANE, (Rè +x?) 


N 


CONCEPT APPLICATION EXERCISE }, A 


as shown in figure. 


z 


-0 Q (0, a) 


20 -O 


find the force acting on dipole. 


(D D 
k— r —k r — 


shown in figure. Find the force of interaction between the 
dipoles. 


k— r — 


of a light rod of length /. The mass of each particle is m 
and the charges are —q and +q. 


dg 


The system is placed in such a way that the dipole a is 
is parallel to a uniform electric field £ that exists in ths 
region. The dipole is slightly rotated about its centre and 
released. Show that for small angular displacement, th 
motion is angular SHM and evaluate its time period. 


a charged ring having charge Q and radius R, at a distan 
x from the centre as shown in figure. Find the fo 

experienced by the dipole of dipole moment p= pi j place 
along the axes osf the uniformly charged ring. 


Coulomb’s Law and Electric Field 1.37 


i Solved Examples i ‘| 


Electrically charged drops of mercury fall from an altitude A 
into a spherical metal vessel of radius R in the upper part of 
which there is a small opening. The mass of each drop is m 
and the charge on the drop is Q. What will be the number n of 
the last drop that can still enter the sphere? 


Each charged drop that falls 
into the conducting vessel increases me 
the charge of the vessel by Q. The 
accumulated charge on the conducting 
vessel is uniformly distributed on the ! 
surface of the vessel. The charged i 
spherical vessel creates its own electric 
field that can be calculated by assuming i 
the entire charge of the sphere to be i 
concentrated at its centre. Let n drops 
have accumulated in the vessel and (n 
+ 1)" be in the state of equilibrium at a 
height A. The equilibrium exists under 
the influence of repulsive Coulombic force (directed upward) 
and force of gravity (downward). Thus, we have 


h 


| szia = F aviy 
n 
"OO ng 
4re,(h—R) 
Hence n= 4neomg(h -RY 


Q° 


Two similar balls each of mass m and charge q are hung from 
a common point by two silk threads each of length /. Prove 


2] 1/3 
fl irois 
21E,mg 


that separation between the balls is x -| 


small. 


SGI) Considering the equilibrium of the charges. 
l kq? , 
T sinb = F, = —>- .- (i) 
x 


2 
and Tsinĝð = mg ..-(il) 


2 
Dividing (i) with (ii), we get tan 0 = £ = Koo 
mg x mg 


mg mg 


1/3 
=. | ql | 


u 4me,x° Mg 


2 2ME,Mg xX 
I 


nir g= E n 


dq  |2neE,mg ie 
a oe 


& oh _ 

[ves a, 

4q__ 3. [27€,mg 
at s) l 


A uniform non-conducting rod of mass m and length /, with 
the charge density À as shown in the adjacent figure, is hinged 
at mid point at origin so that it can rotate in a horizontal plane 
without any friction. A uniform electric field £ exists parallel 
to x-axis in the entire region. Calculate the period of small 
oscillations of the rod. 


Vxa_ -a 
Vx 


Find the rate dq with which the charge should leak off each 


; t ) 
sphere if their velocity of approach varies as v = al Vx , where 
a 1S a constant. 


“Sol. Let the rod is displaced a small angle @ with horizontal. 
The torque due to elemental charge ; 


dt = dF -2xsin@ 
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Hence, T= [at= af (aed) E (xsi 0) 
f P 
=2AEsinð | vds = 2AEsinO-5 7 
0 
o. 
= ca ane 


dl B 
E E A a a aaa a a >E 
i + +4+4+ + 0o 
EOE A sere TS © > 
nessa a a eee e= == P 
2 
As @ is small, t = EM 0 
4 
ml? EAreo [REA 
—a=- > 0 = 
12 4 m 
m 
T=27 
3EA 


estes 


A small bead of mass m having charge -q is constrained to. 
move along a frictionless wire. A positive charge Q lies at a 
distance L from the wire. Initially bead is just above charge +Q. 
Show that if the bead is displaced a distance x, where x < L, 
and released, it will exhibit simple harmonic motion. Obtain 
an expression for the time period of simple harmonic motion. 


‘Sol The bead will be attached towards fixed positive charge 
Q. Component F cos 6 of attractive coulombic force restores the 
charge g to its mean position O. 


O p 1 i 
í 


i F cosh) 0 =q 
j rp 
| L we 
i} 7 
e 7 f sO ae E 
i Pai Vx? + Lt 
] Pid 
! 4 


Oto 


From Newton’s second law, F cos@= ma 


Qq oe = ma 
a aa 
ane, (x +L) Vx +L 
a _ 4 _ aa 
4ne,m (x +L) 


all linear displacement, x < L, W 


n 


e can ignore y i 


For a sm 
comparison to L’. 
= Qq 3 X 
4ne,mL 


Negative sign is introduced because the direction of ‘x’ and thg 


are opposite to each other, 


Qq 


4n€e,mL 


acceleration ‘a’ 


which is equation of SHM with @ = 


Ane,mL’ 
2m PN pac hel 
w Qq 


A charged particle q of mass m is in equilibrium at a height 
h from a horizontal infinite line charge with uniform linea 
charge density A. The charge lies in the vertical plane 
containing the line charge. If the particle is displaced slightly 
(vertically). Prove that the motion of the charged particle 
will be simple harmonic and find its time period. (write tim 
period of oscillation.) fe 


Sol.) From FBD of the charged particle, at equilibrium 
mg=qE 


But E= 2 
h 
Hence mg=q ent 
h 
qE a 
h 
mg E 
ae 
A 
When particle is displaced by a small distance x in upwa Oi 
direction then net force in upward direction 
E if 2kÀ ) 
= —— |-m é 
h+x ki i 
2kqà f. x 2kgaf. x Ne 
= l+— -mg =- vd a = 
n l ) mg h [ x) mg | an 
[As x is s0 Th 
_ (2kqà | 
F= { ip Ja = C5 [c is consta 
Her 


F œ -x i.e., Motion is SHM 
Time period of motion, 


m 2 
T= 2r f” or T= 2m mh 
äl 2kga 


| Or 


EE LER, AE 
A point charge Q is fixed at the center Two small balls having the same mass and charge and | 
of an insulated disc of mass M. The located on the same vertical at heights 4, and A, are thrown in 
disc rests on a rough horizontal plane. the same direction along the horizontal at the same velocity 
Another charge having same value as v. The first ball touches the ground at a horizontal distance _ 
point charge is fixed vertically above R from the initial vertical position. At what height /, will 
the centre of the disc at a height of the second ball be at this instant? Neglect any frictional 
h. After the disc is displaced slightly resistance of air and the effect of any induced charges on 
in the horizontal direction (friction is the ground. 


aie eae a eta a ISO) Let us take two balls as a system. The electrical force 
P between the two balls is an internal force for the system. As 
internal forces do not affect the motion of the center of mass, the 
motion of center of mass takes place only under the influence of 
gravity. The centre of mass moves along a parabolic trajectory. 
Since the initial velocity of the two balls is horizontal, the time 


Let the radius of the disc be R. If the disc is displaced x, 
the corresponding angular displacement 0 = x/R. 


The restoring torque t about the point of contact of disc with 


d, i : ; ; 
ai t, =(Fsin@)R taken to travel distance x is x/v and the vertical height fallen by 
ý the centre of mass in this time is 
MR? 
(Fsin@)R = la =| — + MR? |a Ai) 1 (x) 
y= 7E ae: 


2 
where F = —_ a i) Position of centre of mass at this moment from the ground is 
Ame, (h +x") 2 
f= hth 1 g (=| 
0,8 2 2 \v 
System 
CM á o——> u 
bi a `a 
\ o> v a 
h, | an 
h, A 
and sin@ = o ...(iii) When the first ball touches the ground at a distance x = R, the 
Vh +x height of the centre of mass from the ground is 
2 2 2 
From (i) and i, we get L =, =| MA + ua eg R 
4rne lh +x") 2 2 saly 
a ac _ Ue As the masses of the balls are equal, the second ball will be at a 
6ne,MR(k +x)” height A; = 2h at this instant. Therefore, 
2 2 
Frith g@=—-—2* _ and ae h =h +h. — R 
6re, MRh° R 2 l 2 E y 


Negative sign is being introduced because angular acceleration 
and angular displacement are opposite to each other. EAMAN AE N A eee 
a Ox Two balls of charges dy and q, initially have a velocity of the 
, a= E. same magnitude and direction. After a uniform electric field 
0 has been applied for a certain time, the direction of the first 


ball changes by 60° and the velocity magnitude is reduced by 


2 
Hence, w= eee half The direction of velocity of the second ball changes by 
: 90°, In what ratio will the velocity of the second ball change? 
— , Determine the magnitude of the charge-to-mass ratio of the 
a Paap EEM -ayt (one, Mh second ball if it is equal to @, for the first ball. Ignore the 


electrostatic interaction between the balls. 
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E E s E 
—_ = vI 
9) 
°o 
60° Š 90 
v v 
q; d 
m, m, 


Final condition 
Initial condition 


So Let the electric field on each ball be given by 


E=Ei+E,} 


From the impulse-momentum equation, we have 


Impulse = Change in momentum 
Let the final velocities of the balls b 
v =v2. we have 


a(E,i+E, ar=m| Feos60 oa j) mvi (i) 


e v, and v, Noting that 


g. (E i+, DAt =m, (v cos90°î + v, sin 90°7) —m,vi_ (ii) 


On comparing the x- and y-components on both sides of Eq. (1), 


we get 
3 os 
2 Boy and DE At =—V .. (iil) 
m, + m ` 4 
Similarly. for Eq. (ii), we get 
4 E Ar=-v and Z E,At =v, Civ) 


m. m, 


ps 


From Egs. (iii) and (iv), by dividing the equations for x-com- 
ponents, we get 


ami (v) 
g,/m, 
4 
o c- fı a, 
m 3m, 3 
/ 3 3 3 
A] q,/M, Vv v 


in a2 horizontal uniform electric field, a small charged disk 
is gently released on the top of a fixed spherical dome. 
The disk slides down the dome without friction and breaks 
away from the surface of the dome at the angular position 
6=sin' (3/5) from the vertical. Determine the ratio of the force 
of gravity acting on the disk to the force of its interaction with 
the field. 


Pa ) 
SoL Motion from J to B, 


my” 
mgR(1 — cos 8) + gER sin 8 = “a 


or (mg + 3qE) = 5 R 


n of circular motion 1S 


mv 
mg cos @ — N - gE sin 8 =~ 


Also the equatio 


. 3 
When the particle loses contact, N=0, sinĝ= A and 


O 
cos 9 = Å . Therefore, 
o 
E-e 
melj N5) R 


mv E 


or 4mg-3qE=5 i 


, = mgt+3qE _ 1 
From Eqs. (i) and (ii), P = a 


or 2mg + 6qE =4mg —3qE 


or 2mg = 94E or mg = 
qE 


A charge particle A is fixed at the base of a uniform slope ¢ 
inclination œ. Another charge particle B is placed on the slope 
at an angular position B measured from the line of greates 
slope passing through the position of the first particle. The 
coefficient of friction between the particle B and the slope & 
L (L< tan @). For the particle at B to stay in equilibrium, whi 
would be the maximum value of the angle £? 


j / 
‘B / Horizontal 


i> X 


He 
A 
Sol. The electrostatic repulsive force will act along the # 
joining the two charges along AB. The driving forces on pa™ 
B are F and mg sin œ. The friction will act in the direction OPE) or 
site to the resultant of these forces. Let friction act at an angi 
to the line AB, 
» ~ ¢ of > ` 1 ! 
Let us analyze the forces parallel and perpendicular to AB- i or 


forces acting on B perpendicular to AB are the compone? si 
friction force f sin @ and (mg sin œ) sin £. 


mg cosa 


Aa p 


F: 
if the particle is in equilibrium, 6 


f sin 0 =(mg sin @)sin B 


mg sin @ sin B , 
f= or f Suing cos a 
oe >» sin @ 


mg sin @ sin B 
——————————— 


- < u mg cos a 
sin 0 


or 


sin B < u cot & x sin 0 


or 


8 is maximum when sin @= 1. So $ < sin"! (u cot @) 


carrying uniformly distributed 
negative charge —q is placed 
symmetrically along the axis 
of a thin ring of radius R 
carrying uniformly distributed 
charge Q. The mass of the rod 
is m and length is ] = 2R. The 
ring is fixed and the rod is free to move. The rod is displaced 
slightly along the axis of the ring and then released. Find the 
period T of the small amplitude oscillations of the rod. 


In a free space, a thin rod “f 


ED itwe displace the rod by afaa 
length upward, the unbalanced force 
will be due to length 2dy. Hence, the 
unbalanced force on the element is 


Wa) 

2/3 ] R 

=(A a 
Ane (Rè + R?) 


"T. A Oq 


—d 
ATE, 2J2R? m á 


Hence, 
œ=- | _24 
Ane, ISIR? m 


or 2n = | l Qq 1/2 
i ATE, 2V2R3 a 


1/2 


1/2 
Or =a ease n) s ang 2RN. 
Qq Qq 


Y = Vy from Newton’s second law, 


Coulomb's Law and Electric etd -+ 


Two charges +q, and —q, are placed at A and B, res $ x : 
A line of force emanates from q, at an angle œ with the line 
AB. At what angle will it terminate at =q? 


‘Sol It is the property of lines of force that their number 
within a tube remains unchanged, and the number of lines of 
force is equal to the charge. The lines of force emanating from 
q, spread out equally in all directions. Hence, lines of force per 
unit solid angle are q,/47, and the number of lines through the 
cone of half-angle a is 


N, = A 27(1 - cos a) 
4n 


because the solid angle of a cone is 27 (1 — cos @). Similarly, the 
number of lines of force terminating on —q, at p is 


92 
N, = 2m(1-—cos p) 
2 An ( p 
By the property of lines of force, N, = N, 


A 27(1- cos æ) = 2 2n(1 - cos B) 
4r 4r 


2 
or 9 sin? & 7 9 sin? B 
2 2 2 2 


B 


a 
or sin — = sin — A 
2 2V% 


f . Q 
o B=2sin! sind a 


A small point mass m has a charge q, which is 
constrained to move inside a narrow frictionless 
cylinder. At the base of the cylinder is a point 
mass of charge Q having the same sign as q. 
If the mass m is displaced by a small amount 
from its equilibrium position and released, it 
will exhibit simple harmonic motion. Find the 
angular frequency of the mass. 


BoD in the equilibrium position, gravitational force is 
balanced by Coulomb repulsive force mg = Qq 
< 3 
ATE) V9 
-direction, such that 


If charge q is displaced in positive y 


Qq 


es 


~= mg = ma 
ANE (Vo + yy 


Da 


ed ee 
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Qq la 
F aney (0+ VYY 


2y = 
or mg |- — — mg = ma 
Yo 


d'y 28 _ 
geeky or — += y=0 
or Vo : dt“ Vo 


is the equation for SHM with 


which 


A nonconducting ring of mass 
m and radius R, with charge 
per unit length A, is shown in 
figure. It is then placed on a 
rough nonconducting horizontal 
plane. At time t = 0, a uniform 
electric field Æ = =i is switched | 
on and the ring starts rolling 
without sliding. Determine the friction force (magnitude and 
direction) acting on the ring. 


BS Consider a differential 
element subtending an angle d0 
at the center and at an angle 0 as 
shown in figure. 


dF = ARdOE, 


Net torque due to electric field is 
T,= ldt 


Torque due to electrical charges is dT = dF(2R sin 0) 
Torque equation is 
T —fR =la 
m/2 
or f ARdOE,(2R sin 8) — fR= Ra 
0 


2ARE, — fR = mR201 (i) 
Force equation F=f=ma wi) 
For rolling a= Rø (iii) 


Solving Eqs. (i), (ii), and (iii), we get f= ARE, along the positive 
x-axis. 


Two small identical balls lying on 
a horizontal plane are connected 
by a weightless spring. One ball 
(ball 2) is fixed at O, and the other | 
_ (ball 1) is free. The balls are charged identically, as a result of 
| which the spring length increases n = 2 times, Determine the 
change in frequency. . As 


‘Sol. When the balls are uncharged 


1 Jk 
h = 


~ nV 


nstant of the spring and m is the mag, E 
). When the balls are charged, ball | i 
quilibrium position. At the equiliby | 


where k is the force co 
oscillating ball (ball 1 
oscillate about the new e 
position of ball 1, 


2 
1l 3 -km -h=kn-!) 


Ane, (ND? 


2 
3 q 


pam it 

4n€yi (1 - 1) 
al] 1 is displaced by a small distance from the equilibri 
balanced force to the right is given Fr 


or “aff 


When b 

position to the right, the un 
ae 5 

4rEp (nl + x) 

From Newton’s law, we have 


2 2 ti 
ree aera i > -u(n -1)- k 
d? 4menr°P | m 


2 
-fhi 2 l-un-D -t 
4ne, 7 P| ni 


—k(nl+x-!) 


dt’ n 
2 i — Je 
a ONES o =| Or | 
dt? n m mn 
Comparing with a = —@x, 
pe On 2) k TEN (cl i k 
n m 27 n m 


x L- 2 
Jo n 
Thus, the frequency is increased ,/(37 — 2)/n times. Here n 


and so frequency increases V2 times. 


A nonconducting ring of mass m and radius r is lying at m 
in the vertical xy plane on a smooth nonconducting ho zo 
_ xz plane. Charges +q and -q are distributed uniformly on i 
ring. On the two sides of the vertical diameter of the ri 
a constant and uniform electric field E is set up along Ë 
x-direction. The ring is given a small rotation abo it t 
vertical diameter of the ring and released. Find the period 
oscillation of the ring. k 


‘Sok’ Dipole moment of the ring 


n/2 
p= | f (Ard62r cos 0) |, where A = 
-n/2 mr 


From the configuration shown in figure, 


j= pxE=pEsin@ 
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2 ‘ 
or mr’ gee Hro as 8 is very small 
d? n 
d0 4q _,, 
or 5 =—+ £0 
dt mmr 
ee 4qE 
Angular frequency of oscillation, @ = 
mmr 


2n mmr 
= Lm 
0) AqE 


urrent Electricity = 
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e suspended using 
4, 1) show 


numbered l, a 
ds. The balls (1, 2) (2 
ttraction, whi 2., 3) and (4, 5) show 


repulsion. Therefore, ball 1 must be 
tively charge 


(2) posi 


charged 
(4) made of metal 


(1) negatively 


(3) neutral 
2. An isolated charge 4, of mass 7 1s suspended 
freely by a thre h 7. Another charge 


ad of lengt 
q, ìs brought near it (r >> D. When q, 18 1 


on in thread will be 


equilibrium, tensi 

a) mg @) >mg oyi 
2 

(3) <mg (4) none of these 


ven a positive charge, 
to separate. When an 
he top plate of the 
e even further. 


3. An electroscope is gi 
causing its foil leaves 
object 1s brought near t 
electroscope, the foils separat 
We conclude 
(1) that the object is positively charged 
(2) that the object is electrically neutral 
(3) that the object is negatively charged 

(4) none of these 
4. A metallic shell has a point charge q kept inside its cavity. 
Which of the following diagrams correctly represents the 


electric lines of forces? 


A 


© 


5. Which of the following four figures correctly show the 
forces that three charged particles exert on each other? 


9 N m Y 


JS .. 
* i Fe aw 
(IV) ix 


aw p a ew, 


( 4 ie the above (2) None of the above 
6. ices VAROE aa (4) 1I, HJ and IV 
ian saa particles are placed on a straight line as 
Under de ad and q, are fixed, but q, can be moved 
ler the action of the forces from g, and s 
equilibrium. What is the relation between q Be ki aki 
l 2° 


7. 


(1) 100 N (2). 1258 
(3) 99 N (4) none of these 
9., Three equal charges, each +q, are placed on the cornet 
le. The electric field intensity at the 


10. 


11. 


12. 


13. 


14. 


. Two point charges repe 


(1) q, = 4% (2) oe 

(3) qı = —4q, , ony: having ch | 
icles A and B'S right O arge 

Two particle 0-6 C, respectively, are held fixed wit, 


-6 C and J l 
g x 10°C an hird charged partick 


separation of 20 cm. 
be placed so that it does no 
(1) 5cm right of B 
(3) 20 cm left of A 


Where should a t 
t experience 
(2) 5cm left of A 
(4) 20cm right of B 
| each other with a force of 100N, 
ed by 10% and the other iy 
e of repulsion at the same 


a net electric force) 


es is increas 


One of the charg 
The new forc 


reduced by 10%. 
distance would be 


of an equilateral triang 
centroid of the triangle is 
(1) kqlr (2) 3kqlr (3) J3kgir? (4) zero 
Two charges Q, = 18 pC and Q, = —2 pC are separated by 
a distance R, and Q, is on the left of Q, The distance of the 
point where the net electric field is zero is 
(1) between Q, and Q, (2) left of Q, at R/2 
(3) right of Q, at R (4) right of Q, at R/2 
An electric charge q exerts a force F on a similar electric 
charge q separated by a distance r. A third charge q/4 i 
placed midway between the two charges. Now, the force £ 
will 
(1) become F/3 
(3) become F/27 
Four electrical charges are 

20 &4---------- y+) 
arranged on the corners of a K 4 
10 cm square as shown. : 


(2) become F/9 
(4) remain F 


What would be the direction of 10 em | °P 

the resulting electric field at the ! i 

center point P? 

o> Gt 200-5 OT 

3) — (4) L 

The maximum electric field at a point on the axis of ! 

uniformly charged ring is E, At how many points on 

axis will the magnitude of the electric field be E /2 | 
ome | 

(1) 1 (2) 2 (3) 3 (4) 4 | 

Three charges +Q,, +Q,, and q are placed on a straight lin 


such that q is somewhere in between +Q, and +Q.,. If thi 
` p . i » . . 2 
system of charges is in equilibrium, what should be 
magnitude and sign of charge q? 


(1) p positive 9) Q +0, "p 
(JO + Ja.) @) = fone 
(3) —LL _ 
( +. Jey. negative (4) ore negative 


is 


jê 
i 


15. 


16. 


18. 


19. 


20. 


21 


22. 


. Five p 


- Five point charges, each of value +q, 


nt charge of 100 4C is placed at 3+ 4j m. Find the 


A pol l | 
P c field intensity due to this charge at a point located 


electri 
at oj+12j m. 
(1) 8000 Vm” (2) 9000 Vn! 

(3) 2250 Vm"! (4) 4500 V m'! 

An oil drop, carrying six electronic charges and having a 
mass of 1.6 X 10°" g, falls with some terminal velocity ina 
medium. What magnitude of vertical electric field is required 
to make the drop move upward with the same speed as it was 


y moving downward with? Ignore buoyancy. 

(1) 10° NC" (2) 104NC"! 

(3) 3.3 x 104 NC! (4) 3.3 x 10°NC" 

oint charges, +q each, are placed at the five vertices 
of a regular hexagon. The distance of the center of the 
hexagon from any of the vertices is a. The electric field at 
the center of the hexagon is 


former 


(4) zero 


TEA” 167€,a° 


q q q 
D) —— (2) (3) 

0) Anea STE, 

A ring of charge with radius 0.5 m has 
0.002 2 m gap. If the ring carries a charge 
of +1 C, the electric field at the center is 
(1) 7.5x10’NC" (2) 7.2 x 107 NC“ 
(3) 6.2x10’NC* (4) 6.5 x 107 NC" 
Three positive charges of equal magnitude q are placed at 
the vertices of an equilateral triangle of side /. How can the 
system of charges be placed in equilibrium? 


(1) by placing a charge Q =- q/\/3_ at the centroid of the triangle 


(2) by placing a charge O = q/V3 at the centroid of the triangle 


(3) by placing a charge O = q ata distance / from all the 
three charges 

(4) by placing a charge Q = -q above the plane of the 
triangle at a distance / from all the three charges 

Three identical spheres, each having a charge q and radius 

R, are kept in such a way that each touches the other two. 

The magnitude of the electric force on any sphere due to the 

other two is 


] 2 B 2 
( q {4 
AA 2) Ane, \ R 
ui í 2 as 2 
(3) “3. (49 (2) 
i 167€, 4 @) 167E, \ R 


are placed on five 
vertices of a regular hexagon of side L. The magnitude of 
the force on a point charge of value -q coulomb placed at 
the center of the hexagon is 


] k g 
(1) _/ 4 2 | 4) 

Te, i) (2) me, \ L 
(3) A] ee 

de, \ L (4) Ane, \ L 


It is required to hold equal charges q in equilibrium at the 
comers of a square. What charge when placed at the center 
of the square will do this? 


24. 


25. 


26. 


27. 


. A point charge q = —8.0 nC is 


Coulomb’s Law and Electric Field 1.45 


(1) ~£(1+2V2) (2) 


(3) 4+2V2) (4) 


located at the origin. The electric 
field (in NC“') vector at the point 
x = 1.2 m, y=—1.6 m, as shown 


in figure, is 
(1) —14.4i +10.8 j 
(2) -14.41-10.8/ 
(3) -10.81+14.4/ 
(4) -10.81-14.4j 
A positive point charge 50 uC is loc 


ated in the plane xy at a 


= i+ 3j. The electric field vector 


point with radius vector A 


Ẹ at a point with radius vector 7 = 8i- 5j, where r, and r are 


expressed in meter, i$ 


(1) (1.4i-2.6/) KNC” (2) (1.4i+2.6j) KNC” 


(3) (2.71-3.6 7) KNC” (4) (2.71+3.6j) KNC” 

Four identical charges Q are fixed at the four corners of a square 
of side a. The electric field at a point P located symmetrically at 
a distance a/V2 from the center of the square is 


an w20 20 
fi) OS OF Ke 42g 
2/2n€,a° J2ne,a° ME, a TE, a 


A circular ring carries a uniformly distributed positive 
charge and lies in the xy plane with center at the origin of 
the coordinate system. If at a point (0, 0, =), the electric field 
is E, then which of the following graphs is correct? 


| 4 
(1) (2) / 
D a ad | 
0O z — BE 0O z: — = 
¥ 
E y 
i 
(3) (4) ‘ 
O = w i i 
|/ 
Ni ee 
Four point charges are placed atthe +3 


corners of a square with diagonal 2a 
as shown. What is the total electric 
field at the center of the square? 

(1) kg/a? at an angle 45° above the 


“7N-AXIS g 
(2) kg/a’ at an angle 45° below the QO fonda vay isha -0 
—N-aXis 29 9 


(3) 3kg/a* at an angle 45° above the —x-axis 
(4) 3kq/a at an angle 45° below the +x-axis 


1.46 


28. Two pith balls each with mass mm are 
suspended from 


30. 


31. 


Electrostatics and Current Electricity - 
a See LLL LL lbsdebs 
insulating threads. When /\ 
ositive 


as 


the pith balls are given equal pi 
charge Q, they hang in equilibrium 
shown. We now increase the charge on 
the left pith ball from Q to 2Q while . 5 
leaving its mass essentially unchanged. © e 
Which of the following diagrams best represents the 


new equilibrium configuration? 


(2) LLLA f 
> aX! 
ee 
E | 
an 
@ i 
20 P 
Q 
(4) 
b N 
g Da 
20 Q 
. Three charges (each Q) are placed Q 
at the three corners of an equilateral 
triangle. A fourth charge q is placed 
at the center of the triangle. The ratio 
\g/Q| so as to make the system in g Q 
equilibrium is 
(1) 1:3 (2) L43 
(3) V3:1 (4) 2:v3 


A block of mass m is suspended qos 
vertically with a spring of spring — | 
constant k. The block is made to iS 

oscillate in a gravitation field. Its time 


d 
E 
period is found to be T. Now the space 
between the plates is made gravity free, 
and an electric field E is produced in the a 


downward direction. Now the block is 
given a charge g. The new time period of oscillation 1s 


E 
(G) T (2) T+2n,/2— 
l md 
PR gE 
(3) 2m,- — (4) none of the above 
\ md 
Two charges y, and g, are 


kept on the x-axis, and the 

electric field at different oo = AL —* 
points on the x-axis is (— A 
plotted against x. Choose \ 

the correct statement about the nature and magnitude of 
q, and q,. 

(1) g, 1s positive, q, is negative; 


q|- lq, 
(2) g, is positive, q, is negative; |g | < |q,| 
q| > lg] 
(4) q, is negative, g, is positive; |q,| < |q,| 


(3) q, is negative, q, is positive; 


32. Three identical point charges, 
q, hang from three strings as 5 
q in terms of m, L, and q 1s 


each of mass m and charg, 
hown in figure. The value af 


(1) q= V(16/5)xeymg L sin’ 0 tan 8 


(2) g=\(16/15)7E,mg Ľ sin’ @ tan 8 
a ee a eee eee 
(3) g=\V(15/16)mE,mg L’ sin’ @ tan 0 


(4) none of these 

33. A and B are two points on the axis and the perpendicula 
bisector, respectively, of an electric dipole. A and B are far 
away from the dipole and at equal distances from it. The 


fields at A and B are E, and E,- Then 
(1) B,=E, 

(2) E,=2E, 

(3) E 


(4) |E,|= |E,|, and E, is perpendicular to E,- 

34. A thin glass rod is bent into a semicircle of 5: 
radius r. Acharge+Q is uniformly distributed + 
along the upper half, and a charge —Q is +) 
uniformly distributed along the lower half, | 
as shown in figure. The electric field £ at AN 
P, the center of the semicircle, is SN, 


Qj = @y. 2. 


2 2 
T EF 


B (4) — 


T Er drs r 


u 


35. A system consists of a thin charged wire ring of radius r at 
a very long uniformly charged wire oriented along the axi 
of the ring, with one of its ends coinciding with the cent 
of the ring. The total charge on the ring is q, and the line? 
charge density on the straight wire is À. The interaction for 
between the ring and the wire is 


Aq 


da! A Aq 
4ne yr 2 


> EPI 
jo. ji 
WNIre,r À TE (4) 


(1) 


(2) 


36, Find the electric field vector at P 
(a, a, a) due to three infinitely long 
lines of charges along the x-, y- and 
z-axes, respectively. The charge 
density, i.e., charge per unit length 
of each wire is A. 


"Se 


1B 


4 


4 


37. 


© 


— 


. The direction (0) of E at point P due 


. Find the force experienced by a semicircular 


-A large sheet carries uniform 


Coulomb’s Law and Electric Field 1.47 


A A A À A A A 
(1) A_G4j+8 (2) (i+ j+k) 
3E a 2mE,a 
A A A 2 A A A 
(3) _ 4 Ga jek (4) UAA? 
7 2/2m€,4 TEA 


A particle of mass m carrying a positive charge q moves 

simple harmonically along the x-axis under the action of a 

varying electric field E directed along the x-axis. The motion 

of the particle is confined between x = 0 and x = 2/. The 

angular frequency of the motion is @. Then which of the 

following is correct? 

(1) Electric field right of x = / is towards left and to the left 
of x =} is towards right. 

(2) Electric field right of x =/ is towards right and to the left 

of x = l is towards left. 

(3) Electric field to the right of origin is directed along the 
positive x-axis for all values of x. 

(4) Electric field to the right of origin is directed along the 
negative x-axis for all values of x. 


, A point negative charge —Q is placed at a distance r from 


a dipole with dipole moment P in the xy plane as shown in 


figure. The x-component of force acting on the charge —Q is 
y 


-Q 7 PXO x 
5 
k > Pk A 
(1) - rg cos ĝi (2) kg cos ĝi 
r r 
2Pk 7 2Pk " 
(3) - Q cos ĝi (4) PKO cos ĝi 


3 
r r 


to uniformly charged finite rod will be 
(1) 30° from the x-axis 

(2) 45° from x-axis 

(3) 60° from x-axis 


(4) none of these 


rod having a charge g as shown in figure. 
Radius of the wire is R, and the line of charge 
with linear charge density À passes through 
its center and is perpendicular to the plane of 
wire. 


(1) a (2) M4 
ne, R M'ER ! 
| to œœ 
o 4 (4) 4 ! 
4n°e,R 4ne,R 


Surface charge density o. A 

rod of length 2/ has a linear 
charge density A on one half 

and ~A on the second half. The 

rod is hinged at the midpoint O 

and makes an angle @ with the | .-~ 
normal to the sheet. The torque 
experienced by the rod is 


Pp 


42. 


43. 


44, 


45. 


46. 


2 
(1) 0 (2) oe sin 0 
0 
oA’. oAl 
4 
(3) sin 0 (4) 2, 


0 
A point charge +Q is placed at the centroid of an equilateral 
triangle. When a second charge +Q is placed at a vertex of 
the triangle, the magnitude of the electrostatic force on the 
central charge is 8 N. The magnitude of the net force on the 
central charge when a third charge +Q is placed at another 
vertex of the triangle is 
(1) zero (24N (3) 42N (4) 8N 
Five Styrofoam balls are suspended from insulating threads. 
Several experiments are performed on the balls and the 
following observations are made: 

(i) Ball A repels C and attracts B. 

(ii) Ball D attracts B and has no effect on E. 
(iii) A negatively charged rod attracts both A and £. 


An electrically neutral Styrofoam ball gets attracted if 
placed nearby a charged body due to induced charge. What 
are the charges, if any, on each ball 4, B, C, D, and £? 


(1) ++-+0+ (2) +-++0 

(3) +-+00 (4) -+-OO 

A charged particle of mass m = 2 kg and charge 1 4C is 
projected from a horizontal ground at an angle @= 45° with 
speed 10 ms“. In space, a horizontal electric field toward the 
direction of projection E = 2 x 10’ NC” exists. The range of 
the projectile is 

(1) 20m (2) 60m (3) 200 m (4) 180m 

A positively charged particle P enters the region between 
two parallel plates with a velocity u, in a direction parallel 
to the plates. There is a uniform electric field in this region. 
P emerges from this region with a velocity v. 


Taking C as a constant, v will depend on u as 


(1) v=Cu (2) v= Vu? +Cu 


l, C 3 
(3) v=, ju +— (4) p= ae. 
u uw 


A conducting spherical shell 
is earthed. A positive charge 
+q, is placed at the center and 
another small positive charge 
+q, is placed at a distance r 
from q, (see figure). Ignore the 
effect of induced charge due to q, on the sphere. Then the 
coulomb force on q, is 


(1) zero (2) —242_ 
Ane r° 
(3) ide (4) —Iho__ 


4me,(r — R)? 47e,(r° — R?) 


4.48 Electrostatics and Current Electricity 


46, if the conduct 
s neutral, then the force on q, 1S 


47. In question ing spherical shell is not 


earthed but 1 
f (2) qda 
(1) zero aer 
et (4) none of these 


(3) Ane, (1 - RY 


48. A charge particle moves in 
charge with the center of cir 
perpendicular to the plane of c 
circle. The velocity of the particle depe! 


power ofr. 
ai @)2 06)- 
49. An electric dipole consists of 
charges +2.0 x 10* C separated 
by distance of +2.0 x 10° m. It is 
placed at a distance of 6 cm from a 
line charge of linear charge density 
4.0 x 10¢ Cm" as shown in figure 
such that the dipole makes an angle 
of @= 60° with line AB. Find the force acting on the dipole. 
(1) 0.012 N (2) 1.8N 
(3) 0.04 N (4) none of these 
50. An electric dipole is placed at origin in the xy plane with 
its orientation along the positive x-axis. The direction of 
electric field 
(1) at (—x;,, 0, 0) is along the positive x-axis 
(2) at (0, y,, 0) is along the negative x-axis 
(3) at (0, 0, z,) is along the negative x-axis 
(4) all the above 
51. Three charges q, q, and —24q are fixed on the vertices of an 
equilateral triangular plate of edge length a. This plate is in 
equilibrium between two very large plates having surface 
charge density o, and o,, respectively. Find the time period 
of small angular oscillation about an axis passing through its 
centroid and perpendicular to the plane. Moment of inertia 
of the system about this axis is /. 


a circle around an infinite line 
cle at the line and line being 
ircle. Let r be the radius of 
ids upon which 


(4) none of these 


| 
1+ 


i+ 


CET | — (2) 2r E 
qa|o, - 0; | 2ga\o, - 0, | 
2E 
\ V3qa|o, — 0; qa|o, -0, 


52. Three positive point charges g,, q, and qa 
q, form an isolated system. Suppose the 7! SY, i 
charges have generated a property due to 2, 
which like charges also attract. The charges á 


4 
are moving along a circle with same speed 
maintaining angles as shown in the figure. 93 
es rag q, experiences a force f due to other two charges 
imilarly, q, experiences a force f. ¢ d sef | 
ray, if i e f, and q, a force /,. The 
a (2) 4,:4,:4q, 
a ) s 3:2 (4) This ratio cannot be calculated. 
. In t e above question, the ratio of masses of the charge 
particles q,, q,, and q, is = 
(1)1:1:1 (2) 4 h0 
(4) This ratio cannot be calculated 


OPERET. 


55. 


56. 


57. 


58. 


59. 


In a conducting hollow sphere of 


inner and outer radii 5 cm and 10 cm, 
respectively, a point charge 1 Cis 
placed at point A, that is 3 cm from 
the center C of the hollow sphere. 
An external uniform electric field of 


magnitude 20 NC” is also applied. 
this charge is 15 N, away from the. 


Find the magnitude of ne 
dat point A by the induced 


Net electric force on 
center of the sphere as shown. 
force exerted on the charge place 


charges on the sphere. 
(1) 15 N (2) 20 N (3) 5N 

A wheel having mass H has charges +q 
and —qg on diametrically opposite points. It 
uilibrium on a rough inclined 


(4) 35N 


remains in eq 


plane in the presence of uniform vertical 
electric field £ = 
(1) ug/q (2) ug/2q 


(3) pg tan@/2q (4) none of these 


An electric dipole is placed 59 

in a uniform electric field Æ “at 

of magnitude 40 NC~'. Graph | 

shows the magnitude of the 
torque on the dipole versus the 
angle @between the field £ and 
the dipole moment # . The 
magnitude of dipole moment P is equal to 

(1) 2.5 x 10° Cm (2) 2.0 x 10” Cm 
(3) 1.25 x 1078 Cm (4) 5.0 x 1028 Cm 
Consider a uniformly charged 
hemispherical shell shown in figure. > 
Indicate the directions (not magnitude) (+ 


=< 


of the electric field at the central point \“. + 


t(10œ Nm) 
D 
ia 


O 


P, and an off-center point P, on the NEL +5 
drum-head of the shell. SRS 
MTR (2) tT; A 

GyT3T (4) T:> 


Acharged ball ofmass9kgis suspended 
from a string in a uniform electric 7 


field Ë=(3+5ĵ)x10°N/C. The Ar Y 
ball is in equilibrium with © = 37°. If | i1 
t x 


direction of electric field is reversed, i \ 

find the new equilibrium position of ;  \ 
the ball. Give your answer in terms : | 
of angle made by string with vertical. 


Take g = 10 ms”. 
(2) cot (=) 
14 


(1) tan” (=) 
4 
(3) cot (3 (4) tan” (=) 
| 4 14 
Given are four arrangements of three fixed electric charges | 
In each arrangement, a point labeled P is also identified: 
f test charge +q is placed at P. All of the charges are ° 
le same magnitude Q, but they can be either positive of 
negative as indicated. The charges and point P all lie o” , 


j 


Coulomb’s Law and Electric Field 1.49 


e. The distances between adjacent items, either 66. Charge over 


harges or between a charge and point P, are distributed so that the linear charge 
density varies as A= A, sin@. What is the 


all the same. ad 

1 @®@ @ ‘ ll. @@ © direction of force on a charge q, placed at 
P p the center? 

TROCAS IV. ®0 0- (1) along | if q, 1s positive and 2 if q, is 

negative 

of force on P is (2) along 2 if q, is positive and | if q, is negative 

(1) n> i> I> IV (2) 1> I> M> IV (3) along 3 if q, is positive and 4 if q, is negative 

(3) I> le> Mi (4) M>IvV>I>I (4) along 4 if q, İS positive and 3 if q, ÍS negative 

electrically isolated hollow (initially : 


4) 
60. An 
uncharged) conducting sphere has a small 
positively charged ball suspended by an Multiple Correct Answers Type iil 


insulating rod from its inside surface (see 
figure). l , B a 
This causes the inner surface of the sphere to become 1. A conducting ball is positively charged and another positive 
negatively charged. When the ball is centered in the sphere point charge Is brought closer © the ball. 
the electric field outside the conducting sphere is (1) The ball may attract the point charge 

(2) The ball may repel the point charge 


a nonconducting ring is 


i straight lin 
between two ¢ 


Correct order of choices in a decreasing order of magnitude 


— 


(1) zero 
(2) the same as if the sphere was not there (3) There may be no force between them 
(3) a what it p be if the sphere was not there (4) The ball will only repel the point charge and in no 
(4) equal ın magnitu e but opposite in direction to what it condition it can attract the point charge 
would be if the sphere was not there : ; 
-> dipole of s 7 Sa , 2. When an electron moves in a circular path around 2 
61. Electric apoie o eet P = pi is kept at a point (x, y) stationary nucleus charge at the center, 
in an electric field E = 4x7i + 4x° yj . Find the force on the (1) the acceleration of the electron changes 
dipole. (2) the velocity of the electron changes 
(1) y (2) 4pyO” + 2x°)!? (3) electric field due to the nucleus at the electron changes 
(3) 4py + 8pxy (4) 4pyO” + 4x)? (4) none of these 
; is . l 
62. a glean - of charge q and 3. In the arrangement shown in ada 
ropa sags ed from a point by a string èy figure, the two point charges are Poo 
i Eee e space a uniform horizontal l in equilibrium. The infinite wire _, | ) 
electric fie exists. The particle is drawn ! is fixed in the horizontal plane, ee 
aside so that the string becomes vertical and then it is and the two point charges are r. p 
projected horizontally with velocity v such that the particle placed one above and the other | 
sy to move along a circle with same constant speed v. below the wire. eR 
ind the speed v. Considering the gravitational effect of the earth, the nature 
r 2gE [I gE {I gE [2 JE fi of q, and q, can be 
=r Qi 2) a A (1) q, > positive, q, — positiv 
m \g mNV\g m\g 2m\ 2 (2) 1 >q, positive 
q, > positive, q, — negative 
63. The comers A, B, C, and D of a s i | , 7 
» D, L, quare are occupied by (3) q, > negative, q, > iv 
charges q, -g, 20, and Q, respectively. The side of square is (4) oh i ti T h a 
2b. The field at the midpoint of side CD is zero. What is the 1i , d aA 
value of g/Q ? 4. Two point charges (Q each) are placed at (0, y) and (0, -1) 
A point charge q of the same polarity c: catalase 
64 y W522) 22S) 2S (4) 512 a E 
' k p poh where intensity of electric field is 5 NC ', 40 (1) the force on q is maximum at x = +y/ V2 
> OF electric force are i harge g isi a. i 
number of lines crossin EE aan The (2) the charge q is in equilibrium at the origin 
g per square meter where intensity (3) the charge forms , ~ 
of electric field is 10 NC” will be origi a a see oe 
(1) 20 " igin 
) 80 (3) 100 (4) 200 vr 
65. A tin oo k (4) for any position of q other than origi ; . 
| y electric dipole of dipole moment P= Pj is placed directed away from origin nee eae 
at point ae nat = ot D EE TEE 
7 (1, 0) Theta ents ay ckone had Bete + S: aol a short dipole at the center ofa spherical surface. If 
(2by? + 2cy)} we magnitude of the electric field at a certai ; 
AA fa ase afiho srhewis 10 TAa at a certain point on the 
“7 force on dipole is 2P,ai (2) Force on dipole is 2P. bj cannot be the magnitude of the sale * a aba: 
(3) Fo l ; a ; the surface of the sphere? ene 
rce on dipole is 2Pcj (4) Force on dipole is -2F,c/ (1) 4NC' (2 i a 
(2) 8NC' (3) I6NC (4) 32 NC 


D 


4.50 Electrostatics and Current Electricity 


6. In the arrangement shown in 
figure, two positive charges, T 
each, are fixed. Mark the corre’ E 

statement(s) regarding a a ve Pap" 
charged particle q mai A ' 5 a 
midpoint P that can be disp ! 


along Or perpendicular to the 


line connecting the charges: 
(1) The particle will perform 
SHM for x << a. 
(2) The particle will oscillate 
for any xX. 
| j f or y << a. 
(3) The particle will perform SHM for ) a 


icall 
(4) The particle will oscillate about P but not harmonically 


for v comparable to a. l 
7. We have two electric dipoles. Each dipole consists of two 
equal and opposite point charges at the ends of an insulating 
rod of length d. The dipoles sit along the x-axis a distance 


r apart, oriented as shown in figure. 
Their separation r >> d. The dipole on the left: 


(1) will feel a force to the left A - 44 


(2) will feel a force to the right a a 
(3) will feelatorque trying to make itrotate counterclockwise 


D 


about P but not harmonically 


(4) will feel no torque 
8.In a uniformly charged 
dielectric sphere, a very thin . 
tunnel has been made along the 
diameter as shown in figure. 
A charge particle -q having 
mass m is released from rest 
at one end of the tunnel. For the 
situation described, mark the correct statement(s). (Neglect 
gravity.) 
(1) Charge particle will perform SHM about center of the 
sphere as mean position. 


(2) Time period of the particle is 27,/2m€,mR’/qQ . 
(3) Particle will perform oscillation but not SHM. 
(4) Speed of the particle while crossing the mean position 


is /gQ/4ze,mR. 


. A particle of mass 2 kg and charge 1 mC is projected 
vertically with a velocity 10 ms”. There is a uniform 
horizontal electric field of 10* NC-'. Then 
(1) the horizontal range of the particle is 10 m 
(2) the time of flight of the particle is 2 s 
(3) the maximum height reached is 5 m 
(4) the horizontal range of the particle is 0 


Charge Q 


© 


10. When a positively charged sphere is brought near a metallic 


sphere, it is observed that a force of ; i i 

attraction exists betwee 
the two. It means ii 
(1) the metallic sphere may be electrically neutral 

(2) the metallic sphere is necessarily negatively charged 


(3) nothing can be said about the char 


sphere ge of the metallic 


(4) the metallic sphere may be negatively charged 


ee 


os 


ne Consider two 


12. 


13. 


14. 


15. 


16. 


identical charges 


placed distance 2d apart, along the 


O Q 
ad 


he x-axis | 


4 


in anti- 


x-axis (see figure). The aqpan 

of a positive test charge place , 

point O midway between a - 

(1) stable for displacements a'0 g 

2) neutral oxi 

3 unstable for displacement along the y axis 

(4) stable for displacements along the y-ax f 

For the situation shown 7 (Small dipoly 

in figure (assume ” >> — 

length of dipole) mark out O~ r 

the correct sue ae ee 

) Force acting on the dipo e Is z 

a Force acting on the dipole 1s approximately pQ/4ne,r 
and is acting upward. | "e | 

(3) Torque acting on the dipole 1s pQ/4ne,r in clockwise 
direction. | | 

(4) Torque acting on the dipole 1s pQ/Ane,r 
clockwise direction. | 

A dipole is placed in xy plane parallel to the line y = dh. 

There exists a uniform electric field along Z-axis. Net force 

acting on the dipole will be zero. But it can experience some 

torque. We can show that the direction of this torque will be 

parallel to the line 

(= Zr! 


— 2x 


(2) y = 


1 1 
(3)-y==7 (4) T ae 
A point charge u is placed at origin. Let E,,E,, and E, be 
the electric field at three points A (1, 2, 3), B (1, 1, -l: 
and C (2, 2, 2) due to charge u. Then | 


(1) E,LE, (2) EE 

(3) |B, 41 Ee | (4) E,=16| E, | 

The figure shows two point ; 

charges 20 (> 0) and —Q. The 

charges divide the line joining 1720 2 

them in three parts I, II, and HI. 

(1) Region III has a local maxima of electric field. 

(2) Region I has a local minima of electric field. 

(3) Equilibrium position for a test charge lies in region II. | 

(4) The equilibrium (if there is any) is stable for a negative 
test charge, 

Two small balls 4 and B of positive 


PER RARR POER E x 

charge Q each and masses m and a 

9 e Yat ei » *, pied ia aioe! 

4m, respectively, are connected by a L yf 

nonconducting light rod of length L. OT |” 

This system is released in a uniform ~~~~ Ome 
, 2m 


electric field of strength £ as shown 


Just after the release (assume no other force acts on tH 
system) 


(1) rod has angular acceleration QE/2mL in clockwis' 
direction 


(2) rod has angular acceleration QE/2mL in anticlockw'* 
direction 


(3) acceleration of point 4 is 2QE/3m toward right 
(4) acceleration of point A is QE/m toward right 


17. A ball at O is in equilibrium as 4(+q) Dea 
| it is attached with two strings 

AO and DO, which are tied at | 

and D. AO = DO= av5 . The 4, 

charges at A, B, C, and D are +q, 

+Q, +20, and -4, respectively. | 

Find the correct options. The : see | 

ball at O is positively charged. 2¢ 

(1) The ball O cannot remain pore 
in equilibrium. 

(2) If the charge at C is +Q, the ball will remain 
equilibrium. 


| 
if 
| 
[j 
l] 
1 
| 2a 
1 
1 
! 
1 
1 
[j 


—s 


n 


(3) The ball O will remain in equilibrium 
(4) If the charge at 4 and D and charge at B and C are 
interchanged, the ball will remain in equilibrium. 


18. A charged cork of mass m suspended 
by a light string is placed in uniform 
electric field of strength E = (i + j) x10° 
NC! as shown in the figure. If in 
equilibrium position tension in the string 
is 2mg/(1+ V3) then angle œ with the 
vertical can be 
(1) 60° (2) 30° (2) 45° (4) 18° 

19. The following figure shows a block of mass Z 
m suspended from a fixed point by means of a : 
vertical spring. The block is oscillating simple 
harmonically and carries a charge q. There also 
exists a uniform electric field in the region. 
Consider four different cases. The electric field 
is zero in case 1, mg/q downward in case 2, mg/q 
upward in case 3, and 2mg/q downward in case 4. 
The speed at mean position is same in all cases. 
Select the correct alternative(s). 


(1) Time periods of oscillation are equal in case | and 
case 3. 


(2) Amplitudes of displacement are same in case 2 and 
case 3. 
(3) The maximum elongation (increment in length from 
natural length) is maximum in case 4. 
(4) Time periods of oscillation are equal in case 2 and 
, Case 4. 


) , > . . . l 
0. Three charged particles are in equilibrium under their 
electrostatic forces only. 


(1) The particles must be collinear. 


NSA 


(2) All the charges cannot have the same magnitude. 
(3) All the charges cannot have the same sign. 
(4) The equilibrium is unstable. 


Linked Comprehension Type 


e For Problems 1-2 
In 199 
e an sled Robert Millikan was the first to find the charge of 
Xperiment i his now-famous oil-drop experiment. In that 
nt, tiny oil drops were sprayed into a uniform electric 


field between a horizontal Atomizer 
pair of oppositely charged \, CIF 
plates. The drops were 
observed with a magnifying 
eyepiece, and the electric ‘ 
field was adjusted so that 

the upward force on some 
ane charged oil drops was just sufficient to balance sa 
downward force of gravity. That is, when suspended, aig 
force gE just equaled mg. Millikan accurately measure A 7 
charges on many oil drops and found the values to be who 
number multiples of 1.6 x 10° C— the charge of the electron. 
For this, he won the Nobel prize. . . 

1. If a drop of mass 1.08 x 10" kg remains stationary 1n an 
electric field of 1.68 x 10° NC", then the charge of this drop 
is 
(1) 6.40 x 10° C (2) 3.2x10"C 
(3) 16x10"C (4) 4.8x10”C 

2. Extra electrons on this particular oil drop (given the presently 

known charge of the electron) are 
(1) 4 (2) 3 G} 4 (4) 8 


For Problems 3-5 


Two point like charges Q, and y 
Q, are positioned at points 1 and 
2. The field intensity to the right 
of the charge Q, on the line that 


passes through the two charges M E a ae x 
varies according to a law that | ~: / i 
is represented schematically E / ! 
in figure. The field intensity is | l 
assumed to be positive if its SS 


direction coincides with the positive direction on the x-axis. The 
distance between the charges is /. 


3. The sign of each charge Q, and Q, is 
(1) +,- (B= t (3) t,t (H -—.- 


4. The ratio of the absolute values of the charges |Q, /Q.) i 


1S 

at+l : l i a : { y 

l 2 = 3 Z] 
(1) ( s ) (2) (=) (3) (5) (4) (7 


5. The value of b, where the field intensity is maximum. is 


a (2) 
(Q,/Q,)" +1 (O/Q)y*=1 
l 


(4) 


(Q./Q)"" +1 Ora 


` 


For Problems 6-7 


6. A simple pendulum of mass n charged negatively 
to q coulomb oscillates with a time period Tin a | 
downward electric field £ such that mg > qE. Ifthe | 


le 
electric field is withdrawn, the new time period ' 
(I) =T SE 
(2) >T 
B) =T 


(4) any of the above three is possible 


A 


———— 
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7. At equilibrium of the bob, the change 1 


will be (assuming rest condition) 
(1) mg (2) qE (3) 24E 


For Problems 8-11 


An electron is projected with | an 
initi sd v. =1.60 x 10° ms™ into 
initial speed v, =1.6 Lid eat 
the uniform field between the pari 

plates as shown in figure. Assume that 


| eae 
the field between the plates is uniform 


1.00 cm 
and directed vertically downward, and that the field mi pas 
plates is zero. The electron enters the field aa point m y 
between the plates. Mass of electron is 9.1 x 10 kg. 7 
8. If the electron just misses the upper plate, the time of flight 

of the electron up to this instant 1s 

(1) 1.25 x 107s (2) 32.5x10%s 

(3) 1.25x 10s (4) 32.5 x 10s 


_ For the condition of the previous situation, the magnitude of 


n tension in the string 


(4) qE/2 


pean, CM —— 


9 
electric field is 
(1) 124 NC” (2) 364 NC” 
(3) 224NC'! (4) 520 NC” 
10. If instead of an electron, a proton were projected with the 


same speed, then compare the paths travelled by the electron 
and the proton. 

(1) The proton will hit the upper plate. 

(2) The proton will hit the lower plate. 

(3) The proton will not hit either plate. 

(4) None of these. 

11. The vertical displacement traveled by the proton as it 
exits the region between the plates is (mass of proton is 
1.67 x 107 kg.) 
(1) 1.6 10%m 
(3) 5.25 x 10% m 


(2) -3:25 x 10" m 
(4) 2.73 x 10°m 


For Problems 12-13 


Four equal positive charges, each of value Q, are arranged at the 
four corners of a square of diagonal 2a. A small body of mass m 


carrying a unit positive charge is placed at a height h above the 
center of the square. 


12. What should be the value of Q in order that this body may 
be in equilibrium? 


mg 2 l 
(1) ETAG 42g)" (2) me, E (hè +a")? 


_ 2mg ; 2\3/2 
(3) ne, — >h +24 y” (4) me, (h" -a° yp? 


13. The type of equilibrium of the point mass is (consider only 
vertica] displacement) 
(1) stable equilibrium 


(2) unstable equilibrium 
(3) neutral equilibrium 


(4) cannot be determined 


For Problems 14-16 


There is an insulator rod of length L and of negligible mass with 
two small balls of mass m and electric charge Q attached to its 
ends. The rod can rotate in the horizontal plane around a vertical 
axis crossing it at a distance L/4 from one of its ends. 


Sa ee E le equilibrium in a horizontal 
the rod 1s 1n unstab 

a mn r field of field strength E. Then we gently 

e it from this position. Determine the maximum 


locity attained by the ball that is closer to the axis in the 
ve 


subsequent motion. 


14. 


20EL 
20EL 2QEL 
D fE (2) \ 5m 
40EL 
QEL (4) ae 


n is the rod to be set so that if displaced a 


15. In what positio lace 
little from that position, it begins a harmonic oscillation 
about the axis A? 

(1) (2) © 
A E~ 
E 
3) MSO (4) © 
© © om 
ə 
16. What is the time period of the SHM as mentioned in the 


above question? 


mL [2mL 

f ae et 

(1) 27 OE (2) 27 30E 
5mL 5mL 

ee ey 9 pa es 

ang 8QE @) man 4QE 


For Problems 17—20 


Consider a system of two equal point charges, each O = 8 uC, 
which are fixed at points (2 m, 0) and (—2 m, 0). Another charge 
q is held at a point (0, 0.1 m) on the y-axis. Mass of the charge 
q is 91 mg. At t = 0, u is released from rest and it is observed 
to oscillate along y-axis in a simple harmonic manner. It is also 
observed that at ż = 0, the force experienced by it is 9x10°N. | 


>q 
' Olm 
l 
Q i Q 
A o B ` 
(—2 m, 0) (2 m, 0) 
<— (2 m)— (2? m) 
17. Charge q is | 
(1) -8uC (2) -6.5 uC (3)-5uC (4) 46.5 u6 
18. Amplitude of motion is j — 
(1) 10cm (2) 20cm (3) 30cm (4) 40cm 
19. Frequency of oscillation is 
(1) 8 
a (2) 10 (3) 5 (4) 2 


Equation of SHM (displacement from mean 
be expressed as 


(1) y=0.1sin(10z1) 


position) ©” 


(2) y=0.1sin(10at+ 2/2) 


(3) y=O.lsin(Smt+7/2) (4) y=0.2sin(Sat) 
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For Problems 21-24 . 
Ina certain experiment to measure the ratio of charge to mass of 
jementary particles, a surprising result was obtained in which 
ae particles moved in such a way that the distance between 
them always remained constant. It was also noticed that this 
two-particle system was isolated from all other particles and no 
force Was acting on this system except the force between these 
two masses. After careful observation followed by intensive 
calculation, it was deduced that velocity of these two particles 
was always opposite in direction and magnitude of velocity was 


19's” and 2 x 10° ms" for first and second particle, respectively, 
and masses of these particles were 2x10™kg and 10°” kg, 


respectively. Distance between them were 12A (1A=107'°m)- 


21. Acceleration of the first particle was 

(2) 4x10'° ms? 
(3) 2x10" ms? (4) 2.5x10° ms? 

22. Acceleration of the second particle was 

(2) 4x10“ ms? 

(3) 2x10 ms? (4) zero 


23. If the first particle is stopped for a moment and then released, 
the velocity of center of mass of the system just after the 
release will be 


(1) zero 


(1) 5x10" ms? 


lagi 
(1) 5x10" ms! (2) ao ms"! 


(3) Ex 10° ms”! (4) none of these 
24. Paths of the two particles were 

(1) intersecting straight lines 

(2) parabolic 

(3) circular 

(4) straight line with respect to each other 


For Problems 25-26 
A researcher studying the i 
properties of ions in the 
upper atmosphere wishes to 
construct an apparatus with i 
the following characteristics: R 
Using an electric field, a beam __ pa t, x 
of ions, each having charge q, "| 

a ee 


mass m, and initial velocity 
Vi, is turned through an angle 
of 90 as each ion undergoes displacement Ri + Rj. The ions 
enter a chamber as shown in figure and leave through the 
exit port with the same speed they had when they entered the 


chamber. The electric field acting on the ions is to have constant 
magnitude, 


3S, Suppose the electric field is produced by two concentric 
cylindrical electrodes not shown in the diagram, and hence 
1s radial. What magnitude should the field have? 

2 


2 
(1) ale centered at A ae entered at O 
UR a (2) 2gR c 


> O 


2 
i mv O 
(3) my centered at A (4) oo at 
qR q 


26. If the field is produced by two flat plates and is uniform in 
direction, what value should the field have in this case? 


2 
mv 


mv a a TL? 
TE as (2) i+) 
D gE GR 

Amy? a a 2m, s+ 
y 2m i? (4) (i+ j) 
(3) GR (i = J) qR 


For Problems 27-28 

In a region, an electric field £ = 10 NC! 
making an angle of @ = 30° with the 
horizontal plane is present. Coefficient 
of restitution between ball and surface 
is e = 0.2. Ball has charge q = —2C over “ 
it and mass m = 2 kg. Ball is projected at a a 
an angle of @ = 30° with the horizontal Pa 
with speed u = 10 ms". 

27. Horizontal distance traveled up to first rebound is 
3) im 


3V3 


(4) 2m 


(1) 203m ~— (2) =m 


a3. 
28. After first impact with the ground, 
(1) the ball rebounds at an angle 30° with the horizontal 
(2) the ball rebounds at an angle 60° with the horizontal. 
(3) the ball rebounds in the vertical direction with velocity 
1 ms"! 
(4) the ball moves in the horizontal direction with velocity 
1 ms! 


For problems 29-30 


We have two electric dipoles. Each dipole consists of two equal 


and opposite point charges at the end ofan — , a 
insulating rod of length d. The dipoles are O70 ~-~~> ~~~ Ja 


placed along the x-axis at a large distance 
r apart oriented as shown in figure. 
29. The dipole on the left 


(1) will feel a force upward and a torque trying to make it 
rotate clockwise 


(2) will feel a force upward and a torque trying to make it 
rotate counterclockwise 


(3) will feel a force upward and no torque about its center 


(4) will feel a force downward and a torque trying to make 
it rotate clockwise 


30. The dipole on the right 


(1) will feel a force downward and a torque trying to make 
it rotate clockwise 


(2) will feel a force downward and a torque trying to make 
it rotate counterclockwise 


(3) will feel a force upward and no torque about its center 


(4) will feel no force and a torque trying to make it rotate 
counterclockwise 


1. Two objects 4 and B are charged. Let 


q, = charge on A and 


atch column I and column II. 


: charge on B, then m 


Puy 


eon 
Codes: 

i. ii. iii. 

(1) a c b 

(2) c a b 

(3) b c a 

(4) b a c 


2. Let A and B are two identical objects of same mass initially 


are charged electrostatically by rubbing against each other. 
Let A has got a positive charge and B has got a negative 
charge, then match column | and column II. 


Ab 


| iv. Work function of B 


Codes: 
i. ii. iii. iv. 
(1) d c b a 
(2) b d C a 
(3) b a C d 
(4) C d a b 


3. Figure (a) shows a uniformly charged ring of radius r. Its 


axis is along the x-axis and the ring is in the yz plane. Point P 
can be anywhere on the x-axis and p’ in the xy plane. Figure 
(b) shows a uniformly charged disk of radius r. Its axis is 
along the x-axis and the disk is in the yz plane. Point P can 
be anywhere on the x-axis and p’ in the xy plang. 


Y 
4 4 i 
i i 
of” , 
; P 
Pa J P 
x | 


Figure (c) shows an infinite li 
shov ine charged uniform 
along y-axis. P is a point on x-axis and P in re ea 
E, 


—— 
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Matrix Match Type 


_ In each situation of Column I, two el 


tric field along y-, vi 


E and E, are the components of elec 
y z 


anid z-axis and E, a 
vely. Now match the fol 


Column I 


nd E., are net electric fields at P and P 
P ’ 


lowing columns. 


respecti 


b. Point P’ in part (b) 


ee 


c. Point P in part (c) 
d. Point P in part (a) 
and (b) 


— 


ectric dipoles having 


dipole moments P, and P of same magnitude (that is 


on the x-axis symmetrically about 
entations as shown. In Column I], 


drawn for these two dipoles. Then, 
f dipoles in Column I with 


p, = P2) are placed 

origin in different ori 
certain inferences are 
match the different orientations O 
the corresponding results in Column II. 


a.The torque on one 
dipole due to other is 


Column | 


zero. 
i. p, and p, are perpendicular 
to the x-axis as shown 
2 J b. The potential energy of | 
P2 one dipole in electric 
x field of other dipole is 
(a, 0) (a, 0) negative. 


ii. p, and p, are perpendicular 
to the x-axis as shown 


c. There is one straight 
line in xy plane (not 
at infinity), which is 
equipotential. 


iii. p, and p, are parallel to the 
x-axis as shown 


d. Electric field at origin 
iS Zero. 3a 


iv. D, and P, are parallel to the 
x-axis as shown 


- Inside a neutral metallic spherical 


Shell, a i 
ree cutee Q is placed, and outside a! 
ell, a charge Q, is placed. 
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he center of the ring. 


Se RT a er aa 
Column | = Column 


. jf Q, isat the center of shell, | a. electric field inside the 

‘ l shell remains zero 

If Q, is not at the center of | b. electric field inside the 
zad shell remains non-zero 


shell, 
ni Jf position of Q, is changed | c. electric field inside 
changes 


within the shell keeping Q, 
fixed, 

If position of Q, is changed 
outside keeping Q, fixed 
inside at any point, 


d. electric field outside 
changes 


Numerical Value Type 


1. Two concentric rings, one of radius 
a and the other of radius b, have 
the charges +q, and (2/5) "a; 
respectively, as shown in figure. 
Find the ratio b/a if a charge 
particle placed on the axis atz=a 
is in equilibrium. 

>. A rod AB of length L and mass m is 
uniformly charged with a charge Q, and 
it is suspended from end 4 as shown in 
figure. The rod can freely rotate about 
Ain the plane of the figure. An electric 
field E is suddenly switched on in the 
horizontal direction due to which the 
rod gets turned by a maximum angle 
of 90°. The magnitude of E is equal to 
nMg/0Q. Find the value of n. 


3. Four charge particles each p 
having charge Q = 1 C are fixed pA = 
C 


at the corners of the base (4, B, <r a 
C, and D) of a square pyramid / | A a i | 
with slant length a (AP = BP = i a ae 
PD = PC =a = V2m), a charge Bee ------ eee a, 
-Q is fixed at point P. A dipole 

with dipole moment p = 1 Cm is placed at the center of the 
base and perpendicular to its plane as shown in figure. Force 
X _N. Find the 


on the dipole due to the charge particles is 
ATE, 


value of x ? 

4. Aring of radius R has charge —Ọ distributed uniformly over 
it. Calculate the charge (q) that should be placed at the center 
of the ring such that the electric field becomes zero at a point 


| Archives 


JEE Main 
Single Correct Answer Type 


l. ; f 
Acinipe Q is placed at each of the opposite corners of a 
A charge q is placed at each of the other two corners. 

e net electrical force on Q is zero, then the Q/q equals 


Po 


10. 


2. 


. A particle having charge t 


. Excess electrons are placed on a small lead s 


. In the figure shown, find the rati 


is of the ring distant R from t 


on the ax ae 
The value of q 1s (Q/4)VN. Find the value oF": 

. Two identical small equally Tr- 10 A 
charged conducting balls are 5 om 5 
suspended from long threads E EE 


secured at one point. The SE n 
charges and masses of the balls are such that pa a 
equilibrium when the distance between them isa (| fete 
of the thread L >> a). One of the balls is then discharged. 


Again for the certain value of distance b (b << !) PN 
balls, the equilibrium is restored. Find the value of (a ). 
hat of an electron and mass 
1.6 x 103° kg is projected with an initial speed u at an angle 
45° to the horizontal from the lower plate of a parallel plate 
capacitor as shown in the figure. The plates are sufficiently 
long and have separation 2 cm. The maxımum value 
of velocity of particle not to hit the upper plate Is 
Jw x10‘ ms”. Take electric field between the plates as 
10° Vm” directed upward. Find W. 

phere of mass 
6.90 g so that its net charge is -330 x 10° C. Find the 
number of excess electrons (in terms of x10!) on the sphere. 
o of the linear charge 
densities A, (on semi-infinite straight wire) and A, (on 
semi-circular part) that is, A,/A, so that the field at O is along 


y direction. 


. Two small metal spheres having equal charge and mass are 


suspended from some point on the ceiling of a damp room 
with silk threads of equal length. Let center to center distance 
between sphere be x, x << /, / is length of silk thread. Due 
to ionization of medium, charge leaks off from each sphere 
and they keep on coming closer to each other at a constant 
rate. Let their approach velocity v varies as v œ x '*. If mass 
of each sphere is m then the rate at which charge varies with 


._. dq N {[2m€&mg .. 
respect to time is Pa oe E. Find the value of V 
dt £i l ai 


A charged dust particle of radius 5 x 107 m is moving in 
a horizontal electric field of intensity 6.28 x 10° Vim. 
The surrounding medium is air with coefficient of viscosity 
n = 1.6 x 10° N-s/m*. If this particle is moving with a 
uniform horizontal speed of 0.02 m/s, the number of excess 
electrons on the drop are 6k. Find the value of k. 


(1) -2V2 (2) -1 


(3) | (4) -—= (AIEEE 2009) 


A thin semi-circular ring of radius r has a positive charge q 
distributed uniformly over it. The net field E at the centre O is 
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. 4 > JEE Main 2015, 
or ate 
f / | \ 
A WN 
q ^ 4) ; (AIEEE 2010) | . a 
G3) -5a a] i ter? .. dipole has a fixed dipole moment p, which 
2T Egr An E? 8. An electric dipo axis. When subjected to 


i to x- 
heres are suspended by strings of makes angle @ with respect to 


ke an angle of 30° with each an electric field Ẹ = Ei, it experiences a torque 7, = th, 


3. Two identically charged sp 


ual lengths. The strings ma ; = a” 
ne When suspended in a liquid of density 0.8 g/cm’, the When subjected to another electric field E, = VJE, jit 
angle remains the same. If the density of the material of the ies tiie © = — Ť. The angle 0s 

sphere is 16 g/cm’, the dielectric constant of the liquid is i aa f (3) 90° 

a4 @23 62 MI (ATEEE 2010) 30° (4) 45° (JEE Main 2017) 


4. Two identical charged spheres suspended from a common 
point by two massless strings of length / are initially a JEE ADVANCED 
distance d(d << I) apart becuase of their mutual repulsion. Sin t Answer Type 
gle Correct Ans yp 

The charge begins to leak from both the spheres at a constant . l ; : | 

rate fea i the charges approach each other with a 1. A tiny spherical oil drop E a - na ey of trea 
- . in still air wi i i tric field of strength 

relocity v. funct f distance x between them in still air with a vertical uniform e ect | 

m alain (817/7) x 105 Vm'!. When the field is switched off, the 


-1/2 oc y7! 
(vex , ae drop is observed to fall with terminal velocity 2 x 10° ms". 
Shall Oren eee Given g = 9.8 ms”, viscosity of the air is 1.8 x 10° Ns m? 
5. Two charges, each equal to q, are kept at x =—a and x = a on and the density of oil is 900 kg m>, the magnitude of q is 

the x-axis. A particle of mass m and charge q, = q/2 is placed (1) 1.6 x 10° C (2) 8.0 x 10 C | 
at the origin. If charge q, is given a small displacement (3) 4.8 x 10 C (4) 8.0x 10 C | 
(y << a) along the y-axis, the net force acting on the particle (IIT-JEE, 2010) 
is proportional to ' | 
(1) + (2) 1 2. A wooden block performs E 

oe y SHM on a frictionless +0 


i surface with frequency v,. 
3) — (4) y (JEE Main 2013) The block carries a charge 
y +Q on its surface. Ifa 


6. Let [e ] denote the dimensional formula of the permittivity uniform electric field E is switched on as shown, then thé 
of vacuum. If M = mass, L = length, T= time and A = electric SHM of the block will be 
current, then: (1) of the same frequency and with shifted mean position 
(1) [€,]=[MIL°T*A’] (2) of the same frequency and with the same mean positio 


(3) of changed frequency and with shifted mean position 


_-pa gel yim yga 
(2) [e] =[M_ LET A] (4) of changed frequency and with the same mean positio! 


(3) [€,]=[M"'LT' 4] (IIT-JEE, 2011 
(4) [€,]=[M"'L°T’ A] (JEE Main 2013) Multiple Correct Answers Type 
7. A long cylindrical shell carries positive surface charge o in 1. A few electric field lines for a 
the upper half and negative surface charge -o in the lower cae Sree eli arges Q, and 
m The electric field lines around the cylinder will look like a ee =e ce 
re given in: X-aX1s are shown in the 
figure. These line 
(figures are schematic and not drawn to scale) (1) |Q| > |Q,] — 
| 2 
(2) |.) < lQ., 
(3) at a finite distance to the left of Q, the electric field 
Zero 


(4) at a finite distance to the right of Q,, the electric field 
Zero 


(IIT-JEE, 20! 


a 
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Matri Match Type Code: 

1, Four charges Q,, O,, Q, and Q, of same magnitude are fixed (1) P-3, Q-1, R-4, S-2 
„long the x axis at x = —2a, —a, +a and +2a, respectively. A (2) P-4, Q-2, R-3, S-1 
„ositive charge q is placed on the positive y axis at a distance l dagus 
p> 0. Four options of the signs of these charges are given in (3) P-3, Q-1, R-2, S-4 

(4) P-4, Q-2, R-1, S-3 


List I. The direction of the forces on the charge q is given in 

List II. Match List I] with List I and select the correct answer (JEE Advanced 2014) 
using the code given below the lists. 

q ¢ (+0, b) ; ee 

1. A particle, of mass 10° kg and charge 1.0 C, is initially at 

rest. At time ¢ = 0, the particle comes under the influence of 

an electric field E(t) = £, sin oti where E, = 1.0NC~` and 

2 5 5 3 @ =10° rads”. Consider the effect of only the electrical 

(2a, 0) (a, 0) ( a OF 0) force on the particle. Then the maximum speed, in ms’. 

attained by the particle at subsequent UMES iSro : 


(JEE Advanced 2018) 


2.—x 


Numerical Value Type 


P 0.O O; Q, all positive 
~ 0,0, positive; O,, Q, negative 
ROO, positive ; Q, Q, negative 
S. Q,. Q, positive; Q,, Q, negative 


E | 
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Cae {ao NSwers Kev... 


ea ea 


EXERCISES 21. (4) 22. (1) 23. (3) 24, (3) 25. (3 
i 27. (3 28. (3 29. (2 30. 
Single Correct Answer Type Ab (2) (9) ) ) (2) 
1. 83) 2. (2) 3. (1) 4. (3) 5. (3) Matrix Match Type 
6. (3) 7. (4) 8. (3) 9. (4) 10. (4) 1. (4) 1.10) 
11. (4) 12. (2) 13. (4) 14. (3) 15. (2) 3. i. — d., ii. — a., c., d.; iii. — b.; iv. > a., c. 
16. (3) 17. (1) 18. (2) 19. (1) 20. (3) 4. i. — a., c; ii. — a., b., C, d; iii. > a., b., criv. > a. d. 
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ELECTRIC FLUX 


The concept of electric 
field lines was described 
qualitatively in the previous 
chapter. We now treat 
electric field lines in a more 
quantitative way. Consider 
an electric field that is 


uniform in both magnitude Surface face on to electric field 


and direction as shown in E and A. Parallel angle between £ 
and A is 0 = 0; flux Ọ, = E: A = EA 


figure. 

The field lines penetrate 
a rectangular surface of 
area A, whose plane is 
oriented perpendicular to 
the field. As we know that 
the number of lines per unit 
area (in other words, the line 
density) is proportional to 
the magnitude of the electric 
field, the total number of 
lines penetrating the surface 
is proportional to the product 
EA. This product of the magnitude of the electric field Æ and 
surface area A perpendicular to the field is called the electric 
flux ©, (uppercase Greek letter phi) given by 

b, = EA sol) 

From the SI units of E and A, we see that ®, has the units of 
Nm’C". Electric flux is proportional to the number of electric 
field lines penetrating some surface. 

If the surface under consideration is not perpendicular to 
the field, the flux through it must be less than that given by 
Eq. (i). Consider figure, where the normal to the surface of area 
Ais at an angle @ to the uniform electric field. Notice that the 
number of lines that cross area A is equal to the number of lines 
that cross area A, which is a projection of area A onto a plane 
oriented perpendicular to the field. Figure shows that the two 
areas are related by A | =A cos @. Because the flux through A 
equals the flux through 4, the flux through A is 


®, = EA, = EA cos 0 (ii) 


i We assumed a uniform electric field in the preceding discussion. 
n more general situations, the electric field may vary over a large 


Direction 
of normal 
to surface 


The number of field lines that 
go through area A is the same 
as the number of lines that go 
through area A. 


surface. Therefore, the definition of flux given by Eq. (ii) has 
meaning only for a small element of the area over which the field 
is approximately constant. Consider a general surface divided into 
a large number of small elements, each of area AA. It is convenient 
to define a vector AA,, whose magnitude represents the area 
of the i" element of the large surface and whose direction is defined 
to be perpendicular to the surface element as shown in figure. 
The electric field E, at the location of this element makes an 
angle 0, with the vector AA _ The electric flux ®,, through this 
element is 
P, = EAA; cos a= E. AA 
Summing the contributions of all elements gives an 
approximation to the total flux through the surface: 
D, = LE, AA 
If the area of each element approaches zero, the number of 


elements approaches infinity and the sum is replaced by an integral. 
Therefore, the general definition of electric flux is 


..-(1i1) 


r= | Edd ...(iV) 
Surface i 
Equation (iv) is a surface integral, which means it must be 
evaluated over the surface in question. In general, the value of ® 
depends both on the field pattern and on the surface. 
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Element 2 
In figure, the field 
lines graze the sur- 
face (perpendicular 


to AA); therefore, 
0 = 90° and the flux 
is zero. 


Element 1 
In figure, the field 
lines are crossing 
| the surface from m- 
l side to outside and 
| @ < 90°; hence, the 
| flux Pr = E bd AA 
| through this element 
| is positive. | 


In figure where the field 
lines are crossing the 
surface from outsideto 
inside, 180° > 0> 90°, 
and the flux is 
negative because Cos 
0 is negative. 


evaluating the flux through a closed 


surface, defined as a surface that divides space into an inside and 
an outside region so that one cannot move from one region to the 
other without crossing the surface. The surface of a sphere, for 


example. is a closed surface. 


We are often interested in 


A point charge Q is placed at the corner of a square of side a. 
Find the flux through the square. 


Sol. The electric field due to Q at any 
point on the square will be along the plane 0 
of the square and perpendicular to the 

area vector (A). As @=E-A and ELA, a E 
hence 6= 0. In other words, we can say that 
no line is crossing the square and so flux 


is 0. 


Find out the flux through the curved 
surface of a hemisphere of radius R if it 
is placed in a uniform electric field E as 


shown in figure. 


The number of electric lines passing through the base of 
the hemisphere is the same as that of the lines passing through the 
hemisphere. 

The fiux associated with the 
base of the hemisphere is 
0 = —EnR* (negative as it is the 
incoming flux). Hence, the same 
amount of fiux will be associated 
with the curved surface, but the 
sign of the flux will be positive as 
It Is as outgoing flux. Hence, 

Ó ne = EMR? 


Fi ; 

Pg p A a i electric field through each of the 
of the inclined plane as i 

s shown in figure 

What is the total flux through the entire closed surface? kaii 


Incoming flux| 


zero [refer Fig. (a) 
z-direction, area vec 
and area vector of B 
the three cases, fiel 


that flux through the faces ABF, CDE, and BCR, 
]. Area vector of face ABF points in the po, ‘i 
tor of CDF points in the negative z- dired Ve 
CEF points in the negative y-direction fe 
d E is normal to area vector. al 


Note 


ux through face ABCD [Fig. (b)]: 
Magnitude of area vector of face ABCD = ab 


ġ, = E- A= E(ab) cos(90° - 0) = Eab sin 0 


FI 


to (e) 


Flux through face ADEF [Fig. (e)]: 
Magnitude of area vector of face ADEF = (a sin O)b = absiné 


@,, = E cos180° (ab sin 0) = —Eab sin @ 
Thus, we obtain 
(Pe) ape = 0, ($; Jope = 0, (Orlice = 0, 
(9r )aisco =+Eabsin 6 and ($r )ainer =—Eabsin @ 


Flux is a scalar i 

ar quantity, therefore the total flux i i 
i UX IS c suf 
of flux through each surface. iS aigenraey 


Prorat = (¢, J jae + ($; Jeni T (Q; acir +(0, Jasco + (r) 
=0+0+0+ Eab sin @- Eab sin @= 0 


e ‘ ` . 
= thag the contribution to the flux for a closed surf“ 
a for the surface where the field is directed ov 
nad ) and negative for the surface where the field’ 
directed into the surface (4DEF) | 


. a ee a 
hes = A for this closed surface can also be seen t0 j 
i nice e examination of the field lines. If the fielt” 
, the number of lines that enter the closed su 
equals the number of lines that come out 


Zero. onstant vector through any closed surface 


cae d r a cylindrical surface of radius R and length / in a 
rm electric field Æ. Compute the electric-flux if the axis 


ifo 
uni der is parallel to the field direction. 


of the cylin 
Wwe can divide the entire surface into three parts, right 


left plane faces and curved portion of its surface. Hence, the 


nd 
i l consists of the sum of the three terms: 


surface integra 


6, -ÈE aA= Pon qE 4A + $an qE dA + >... E-dA 


All the area elements on the left end and electric field E are at an 


angle of 180°. 
(Qz ies end ~ Pen end E-dA= Pion end E dAcos 180° 


= -E$ dA =- ENR? 
lefi end 


Note that E is constant over the entire plane surface of left 
end: therefore, we take it out from the integral. 

Similarly, all the area elements on the right end are parallel to 
electric field E, i.e., angle is 0°. 


(Or right end 7 > ight onde -dA = È on aE dA cos 0° 


Tl 
= +EP. dA= ETR? 
right end 


Finally, at every point on the curved surface the area vectors are 
perpendicular to the direction of the electric field. Thus, 


E dA(cos90°) = 0 


7 ved surface 


Or Jeurved = Pares surface 


Total fiux = (Pe righ end +(x iet end +; Vurvedaitace 


= (+EmR’)+(-EnR’)+0=0 


Hence, we see that in a uniform field the flux through a closed 
surface is zero. This is true for any shape of closed surface. 


The cube as shown in figure has sides of length L = 10 cm. 
The electric field is uniform, has a magnitude £ = 4 * 10° N/C, 
and is parallel to the xy-plane at an angle of 37° measured 
from the +x-axis toward the +y-axis. What is the electric flux 
through each of the six cube faces S, Sy, Sy Sy 5, and S,? 


S- ¢ 
x 2 Si 
(back) 


I (top) 
IPA, 

| | (right side) 
|: y 


x S5 S4 
(front) (bottom) 


S] 
(left side) L 
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PSIM The electric field is parallel to the xy-plane. For surfaces S, 


and S, the electric field and area vectors are perpendicular to each 
other hence flux through S, and S, should be zero. 


Hence, b, = D, =() 


Sa 


Top view 


The flux through S: ®, = E-A=EAcos® 
= (410° )(0.1)cos(180° — 53°) 


= —(410° )(0.1)cos53° = -24Nm- /C 
The flux through S: ®, = E-A=EAcos@ 

=(4x10° )(0.1)cos53° 

= 24Nm°/C 
The flux through S; ®, = E-A=EAcos@ 


The flux through S: ®, = Ē. A = EA cos 
= (4x 10° )(0.1)cos(180° - 37° 


= —(4x10°}(0.1)cos37° = -32Nm* C 


A cylinder of radius R and height 4 is placed in uniform 
electric field as shown in Fig. (a), if the axis of the cylinder 
made inclined @ with vertical as shown in Fig. (b). Calculate 
the flux of electric field entering the ev tinder. 


> i > 
> ee 
= — 
>+ Ti 
a 
= = -> $ 
> +i — > 
>| — > 
> oe 
b - — > 
> t a e 
—— iee > 
(a) (b) 


WSO) The Nux of electric field entering the cylinder in position 
shown in Fig. (a). 
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wagi Let us consider a circular ring of radius y and thickness 4 


k shown in figure. The electric field due to wire at the position ¢ 
the ring will be constant. We can make two mutual perpendicy}, 
components of this electric field, parallel and perpendicular t 


the wire, E, and E, respectively. 


E\=Ey 


d = E-§ = E(2R.H) = 2ERH 
Now the axis of the cylinder is m 


E =E, 


ade inclined @ with vertical. We 


know the number of the electric field lines passing ced The component of electric field £, will not contribute to flux aş 
* ing through the surtace. > EET. 
surface 1S proportional to the flux passing t i l d d A is 90°. 
The electric field lines will cross the cylinder in new orientation angle between É, 
as shown in figure. Hence flux due to E, , dọ = E, 27y dy 
The flux passing through axial plane, ¢, = E (2RH)-cos @ | EA 
The flux passing through upper top surface, Total flux, through circular loop, = J dọ = J Te -27t ydy 
: mR? 
a= e|) cos00-0 = E—_sin@ = pee gers 
g ~ pi °° 26, 


The flux passing through lower bottom surface, 


R? rR? | Son e =l EXERCISE 2.1 
d, = (= } coson"-0 = p” sin ĝ Soe Ae Z 
~ 1. Figure shows a closed surface septic 
The flux of electric field entering the cylinder in this position. which intersects a conducting §,---. P 
EE aR aR? sphere. If a positive charge is o 3 
Öva = 9, + 9. + Q; = 2ERH + E z sin 0+ E — sin 0 placed at point P, find the sign of = ~~~" g 
flux passing through the curved — 
= 2ERH + ExR’ sin@ = ER(2H + zRsin 0) surface S. 
S A 2. A charge Q is distributed pe N 
8; . . . Ring 
60-8 F ic uniformly on a ring of radius = >A 
aS ee: : r. A sphere of equal radius r i. ‘a 
Sasi A is constructed with its center | Og i 
at the periphery of the ring. ; 
Find the flux of the electric kah Q 
field through the surface of BN 
the sphere. baan 


3. Figure (a) shows an imaginary cube of edge 1/2. A 
uniformly charged rod of lenght L moves toward left at 
a small but constant speed v. At t= 0, the left end of the 
rod just touches the right face of the cube. Which of the 
graphs in Fig. (b) represents the flux of the electric field 
through the cube as the rod goes through it? 


Flux 


A very long uniformly charged wire oriented along the axis 
of a circle of radius R rests on its centre with one of the ends 

The linear charge density on the wire is A, Evaluate the flu f 
vector E across the circle area. a L/2 


(a) (b) i Time 


i a Sea ba body is placed in a uniform electri? 
R ja i E. What is the flux linked with the curved surface 

if the field is (i) parallel to base of the body [Fig. o 

(11) perpendicular to base of the body [Fig. (b)] and (ii) 


perpendicular to the cu 
if rve 
Fig. (c). d surface at every points aS | 


| §, In which position (4, B, C, or D 


(b) (c) 


) of second charge, the 


flux of the electric field through the hemisphere remains 


unchanged? 
C @ e B 


D q A 


6. A point charge Q is located just 
above the center of the flat face of a 
hemisphere of radius R as in figure. 
What is the flux: 

(a) through the curved surface, and 
(b) through the flat face? 
(c) Repeat parts (a) and (b) if the charge is exactly at the 
center. 


7. In figure, a cone lies in a uniform electric field E. Determine 
the electric flux entering the cone. 


—> —> 
—> —-> 
—p : i —> 
—> / -—> 
s PR —> 


8. A uniform electric field ai + bj intersects a surface of area 
A. What is the flux through this area if the surface lies 
(a) in the yz plane, (b) in the xz plane, (c) in the xy 
plane? 


9. (a) A point charge g is located at distance d from an 


infinite plane. Determine the electric flux through the 
plane due to the point charge. 

(b) A point charge g is located at a very smal] distance 
from the center of a very large square on the line 
Perpendicular to the square passing through its center. 
Determine the approximate electric flux through the 
Square due to the point charge. 


10, Calculate the total electric flux through the anette 
surface due to a uniform electric field of magnitude £,1n 


the direction shown in figure. 


B Electric Flux and Gauss's Law 2.5 


— ——____» 
r 
` d aia 
- 
20 
11. Consider a closed surface of arbitatry 
shape as shown in figure. Suppose a . 
single charge Q, is located at some point 0, 


within the surface and second charge Q, 

is located outside the surface, 

(a) What is the total flux passing through Q 
the surface due to charge Q? 

(b) What is the total flux passing through the surface due 
to charge Q,? 


12. A hollow half cylinder surface of radius 
R and length / is placed in a uniform 
electric field £. Electric field is acting —> g 
perpendicular on the plane ABCD. Find i 
the flux through the curved surface of > D 


the hollow cylindrical surface. > 


13. A cone of radius R and height h is placed É i 
in uniform electric field as shown in F ig. (a), if the axis 
of the cone made inclined 8 with vertical as shown in F ig. 
(b). Calculate the flux of electric field entering the cone. 


— >> ~f A 
` laas —— > 

—————0 z A 

N r; ~ 

~, ` 
——— 

ee 

, 


(b) 
14. Point charge q is placed at a point on 
the axis of a square non-conducting 
surface. The axis is perpendicular to poe” ia 
the square surface and is passing 
through its centre. Flux of Electric weno | 
field through the square caused due to charge g is @. If the 
square is given a surface charge of uniform density o, find 
the magnitude of force on the square surface due to point 
charge q. 
ANSWERS © 
1. positive 2. QBBE, 
3. Graph (d) 4. (a) zero (b) ExR* 


(c) F22R° 5.4 0rD 


6. (a) Q/26,  (b) -Q/2¢8, (c) Zero, Qe, 

7. ERh 8. (a) Aa (b) Ab (c)O0 (Zero) 

9, (a) ge, (b) q/28, 10. E m 

11. (a) QE, (b) zero 12. E2RI | 
13. ELR cos0 + ane sin @ 14. o¢ | 


ka 
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GAUSS'S LAW 


> _ Although 
Gauss’s law is an alternative to Coulomb's si rovides a 
completely equivalent to Coulomb's law, Gauss ce a 
different way to express the relationship between e 


and electric field. ; 
Gauss’s law states that the total electric 


| ic ‘ge enc 
surface is proportional to the total gn ‘inp feld ate 
stk ace T is useful in calcula j 
within the surface. This law 1s ; pentes. 
bv charge distributions that have various symmetry prop 


Mathematically, Gauss’s law can be written as 
T 4 din 
d=hE-dd=— 
“0 . . . *s 
One thing is to note that the electric field appearing 1n Gauss 
law is the resultant electric field due to all the charges presen 


inside as well as outside the given closed surface. On the other 
hand. the charges q, appearing in the law are only the charges 
contained within the closed surface. The contribution of the charges 
outside the closed surface in producing the flux is zero. A surface 
on which Gauss’s law is applied is sometimes called the Gaussian 


surface (figure). 


flux through a closed 
losed 


Gaussian surface 

Caution: Remember that the closed surface in Gauss’s law is 
imaginary; there need not be any material object at the position 
of the surface. 


Same field line 
leaving surface 


entering surface 


Projection of an element of area dA of | A point charge outside a closed | 
4 sphere of radius R onto a concentric | surface that encloses no charge. If an 
sphere of radius 2R. The projection electric field line from the external | 
multiplies each linear dimension by 2, || charge enters the surface at one point, 
% the area element on the larger |l it must leave at another Figure 
sphere is 4 dA. The same number of | illustrates this point. Electric field 
field lines and the same flux pass | lines can begin or end inside a region 
through these two area elements. of space only when there is charge in | 
ee | that region, 


Spherical Gaussian surface a | 5 Spherical Gaussian surface around 


| positive charge; positive (outward) negative charge; negative (inward ) 
flux. | flux. 


Note that the electric field in the expression $ Ea b 


the resultant field at any point on the Gaussian surface 
closed by the Gaussian surface, ¢ 


ces A, and A, as shown in figure, 


dh 


’ 
q, is the charge en ongiga 
nn 


two Gaussian surfa 


Charge Q lies at the center of the Gaussian surface A 
surface A, the net flux through A, is O/e,. For surface Ach 
Q is outside A, so that the net flux through A, is zero. Note 
the field lines that enter the Gaussian surface A, (net flux in), 


leave it (net flux out). 


Gaussian 
surface 
E 


dS dS 
(a) (b) | 


wE EW ; 
ADNA 


Some important points on Gauss’s law are as follows: 


© The net flux through the surface is proportional to them 
number of lines leaving the surface, where the net n i 
means the number of lines leaving the surface minus & 
number of lines entering the surface. If more lines # 
leaving than entering, the net flux is positive. If more li 
are entering than leaving, the net flux is negative. 
If no net flux passes through any closed surface, £ may 


be zero, but the flux of E must be zero and the net ch 
enclosed must be zero. 


e In Gauss’s law, Æ is the net field due to all charges p 
Inside and outside the Gaussian surface. 


e No net flux is contributed by the charges present outsi 
the Gaussian surface because the number of E-lines ( 
coming into is equal to the number of E-lines going ov! 
of the surface, 


e The net flux is contributed only by the charges inside (# 
enclosed by) the Gaussian surface, 

e If we change the configuration by displacing the charg® 
inside the Gaussian surface, the electric field at any poin! 
may change leaving the net flux passing through the 
Gaussian surface unchanged. 

e However, any change in configuration of the charg® 
outside a Gaussian surface may change Æ at a point, bY 


the net flux remains the same as external charges contribu . 
nothing to the total flux. , 


A . ET a 
pplication of Gauss's theorem for finding induced charge 
n a conductor: RERE 
)  Netelectric field ina charge free cavity in a closed conductor 
is zero. There can be charges outside the conductor and on 
the surface also. Then also this result is true. No charge 
will be induced on the inner most surface of the ponte: 
ii) If we place a charge q inside the ca 


Vity of a conductor then 
face (S) and +q will be 
conductor (S,) (We can 


-q will be induced on the inner sur 
induced on the outer surface of the 


prove it by using Gauss's theorem). 


(ii) If we place a charge q inside the cavity of a conductor 


(iv) 


and conductor is given a charge Q then -q charge will 
be induced on inner surface (S,) and total charge on the 


outer surface (S,) will be g + O. (We can prove it by using 
Gauss's theorem). 


(q + Q) € + 
+ 


Net electric field, due to q placed inside the cavity and 
induced charge on S, at any point outside S, (like B, C) 
is zero. Net electric field due to q + Q on S, and any other 


charge outside S,, at any point inside of surface S, (like A, 
B) is zero. 


ASNS 
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Charge distribution for different types of cavities in 


conductors 
Situation | Pattern of the induced charge 
s, + Hq The induced charge on the 
M4 surfaces S, and S, will be 
“Et, 5 


S, uniformly distributed. 


i | 
ma | e4) E | 


+ 
The surfaces S, and S, 
both are spherical and the 
charge is placed at center 


of cavity. 
2. S, o + \ © |The induced charge on the 
fu ae surface S, will be non-uniform 
aS \ and on S, it will be uniformly 
, E j distributed. 
m a 
E 
+ 


The surfaces S, and S 
both are spherical and the 
charge is not placed at 
the center of cavity. 
3; gag The induced charge on the 
bi surface S, will be non-uniform 


and on S., it will be uniformly 
distributed. 


NO + 


+ 


The surfaces S, is not 
spherical and S, is 
spherical and the charge 
is placed at the center of 


S. 
= | - 
4. s, L ia The induced charge on the 
+ surface S, will be non-uniform 
y a Y and on S, it will be unttormly 
= e ™—\ \ | distributed. 


S> 


The surfaces Si is not 
spherical and S, is) 
spherical and the charge 
is not placed at the center 
of Sy 
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5| O ee 7 ‘The induced charge on the 
| + NS + surface S, will be uniform and 
| | | Ne on S, Jit will be non-uniformly 
+) TS. 4 distributed. 
ge e )+ | 
Y= l 
r | 
+ | 
The surfaces S, 1S 
spherical and $, is not 
spherical and the charge 
is placed at the center of 
S, o m oe ao See —— 
6. Hes ‘The induced charge on the 
A Nta surfaces S, and S, will be non- 
4 =a uniformly distributed. 
+ AS + 
— @ z \ 
e 1- )+ 
oe 
l- | 
The surfaces S, is 
spherical and S, is not 
spherical and the charge 
is not placed at the center 
lors d | 


Note: In all cases charge on inner surface S, = —g and on outer 
surface S, = q. The distribution of charge on S, will not change 
even if some charges are kept outside the conductor (i.e. outside 
the surface S,). But the charge distribution on S, may change if 
some charge(s) is/are kept outside the conductor. 


S, and S, are two hollow concentric A 
spheres enclosing charges Q and 20, f; 
respectively, as shown in figure. / | 
(a) What is the ratio of the electric flux | | Jena 

through S, and S,? J 
(b) How will the electric flux through ~ 
sphere S, change if a medium of 
dielectric constant 5 is introduced S, 
in the space inside S, in place of air. 


‘Sol (a) Flux through $, is @, = a 

Q+20 30 

Ep Ey 
Thus  _ Oe _1_)., 
p 30/e 3 


Flux through S, is ġ, = 


E 5 


y 


¢, (changed flux through S,) = QË, dS = d E-dS 


-14 (as PE dS = 4) | 
2 (saf) 
5E9 | £9 


i A n be of side / has one corner at the origin of coordinate, 
and extends along the positive x-, y- and Z-axes. Suppose thy | 
ric field in this region is given by E =(a+ by} 


the elect 
e the cube (a and b are Some 


Determine the charge insid 
constants). 
7 ` The faces adhe, bcgf, cdhg, and abfe will contribute zey 
flux because the area vector is normal to the electric field fy 


these faces. 2 
Z 


1 
L 
t 
l] 
I a | ^ 
| y Ea (atby) J 
| 1 | | 
dA s=] E3 
1 | Ws a ! | -E ae dA 
ae l |Z | 
oO g , 


Flux through face efgh is 
p =fĒ-då =a) PO) = -a 
The field at the face efgh (that lies in the yz-plane, y = 0)# 


E= aj and the area vector is /” (-/) (direction outward normal) 
Flux through face abcd is 


p =(at+bl)j-Pj =(al’? +bP) (for this y=! 


Net flux through the cube is $, + @) = bP . From Gauss’s law, 


or Odos = Pr = & bl 


b = Onsicnea 
& 


A point charge q is placed at a distance a/2 from the centet 
of a square of side a as shown in figure. Calculate the electrie| 
flux passing through the square. | 


This problem can be solved by symmetry consideration ani 
Gauss's law. | 


ai 
We can enclose the charged particle by a cube of side 4 at 


keep the particle at the center of the cube. 


J 


j 
| 


| 


The total flux passing through the close cu 
All the six surfaces are symmetrical with 
they will have equal contribution of th 
any one face is 6’=/6= q/6é,. 


be is = lE l 
respect to charge, hence 
e flux. So, flux through 


$ | In figure, a charge q is placed at 
tq distance ô — 0 near one of the d ù 
comers of a cube of edge l ona 97 + 


a | a a, s. \ | 
è line of symmetry along diagonal. | | 
(a) What is the flux through each | h | Pa 
Shox P pene ager a Ue saia 
a of the faces containing the | ae E 
i point a? e “=m rg 
E (b) What is the flux through the 
| other three faces? 
` Use of symmetry consideration may be useful in problems 
of flux calculation. 
ne c 
A | ae. 
r J p” i 
ae b 
i 
! 
1 
| 
I 
STENDEN. eT g 
e- 7 f 
(a) 
Pall rä A 
gchar Ko | 
a | r 1 
f | l r di | i le 
eoar a dd, te 
| #2- a e eA 
IS EA ee "eee ! ae ! 
i) | de E -o 
h ies Mii E Lae 
- |) 21 
(b) 
x 
X 
ef 
10 s \ 
` \ a 
(c) 
øi _ Can imagine a charged particle placed at the center of a 
cu 


© of side 2/. The flux enclosed with the cube is ¢ = qle, The 
UX p assing through one of the faces of the cube is #’ = 9/6 = q/6e,. 
ence, the flux passing through the face beg/ is #/4=q/24e,. 
Each of the faces (efgh), (bcgf), and (dcgh) is symmetrical with 
f Pect to charge. Hence, the flux passing through each of the 
ace is g/ 24e 
The electric field lines for the faces (efgh), (begf) and (dcgh) 
j away from the faces. Hence, the flux associated with each of 
gf Me faces will be positive (ie, +q / 24£,). Hence, the total flux 


Tes 


are 
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through these sides is 


x 

q nE: E As 6 + 0, we can say the 
4E 8E, 
faces (abcd), (abfe) and (adhe) are also symmetrical about charge. 
Charge is slightly outside the cube. 


The number of electric field lines passing through the faces, 
which do not contain the point a, is same as the number of 
electric field lines passing through the faces containing the point 
a. Hence, the same amount of flux will pass through the faces 
containing the point a, i.e., q/8é.,. 


The electric field lines are toward the faces containing the point 
a. Hence, the flux will be negative, i.e., Ø” =—q/8e, Hence, the 
flux through each of the faces containing the point ‘a’ will be 
p13 =q/24e,. 


An infinitely long line charge 
having a uniform charge per unit 
length A lies a distance d from point 
O as shown in figure. Determine 
the total electric flux through the 
surface of a sphere of radius R 
centered at O resulting from this 
line charge. Consider both cases 
where R < dand R>d. 


For R < d, flux will be zero. It is because no charge lies 
inside the sphere. 


From Gauss's theorem, the flux through closed surface. o = Tin 


~ 


fr, 


oO 


So charge inside the sphere g,, =AX/=A NR? =a? 


2AVR? -d? 
So, (o) = —_— 
0 


Problem-Solving Strategy 


Identify the relevant concepts: Gauss’s law is most useful 
in situations where the charge distribution has spherical 
or cylindrical symmetry or is distributed uniformly over a 
plane. In these situation, we determine the direction of E 
from the symmetry of the charge distribution. If we are given 
the charge distribution, we can use Gauss’s law to find the 


OO ee 
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magnitude of Ẹ. Alternatively, if we are given the field, we 
can use Gauss’s law to determine the details of the charge 


distribution. In either case, begin your analysis by asking the 

question, ‘What is the symmetry?’ 

The problem uses the following steps: 

1. Select the surface that you will use with Gauss’s law. We 
often call it a Gaussian surface. If you are trying to find the 
field at a particular point, then that point must lie on the 


Gaussian surface. 


| Charge Gaussian Electric 
_ distribution AAN surface field 
“Point charge Spherical Radial 
Spherical charge Spherical Radial 
distribution . 
Line of charge Cylindrical Radial 
Planer charge Plane parallel to charge Normal to 
distribution surface 


boc 

2. The Gaussian surface does not have to be a real physical 
surface, such as a surface of a solid body. Often the 
appropriate surface is an imaginary geometric surface; it 
may be in empty space, embedded in a solid body or both. 


3. Usually, you can evaluate the integral in Gauss’s law 
(without using a computer) only if the Gaussian surface and 
the charge distribution have some symmetry property. If the 
charge distribution has cylindrical or spherical symmetry, 
choose the Gaussian surface to be a coaxial cylinder or a 

concentric sphere, respectively. 


FIELD OF ACHARGED CONDUCTING 


SPHERE 


We place positive charge q on a solid conducting sphere with 
radius R (as shown in figure). All the charges must be on the 
surface of the sphere. 


Parts of Gaussian surfaces 


inside / 
~ ays” 


E 
BOR) ot ews 
ane, RI 


KOA peaca 
E(RY/9 | ---- 


4--r----s 


E=0 


Under electrostatic conditions, the electric field inside a 


solid conducting sphere is zero. Outsi 

. Outside the sphere 

electric field drops off as 1/r2 as though all the S 
charge on the sphere is concentrated at its centre 


SELECTION 


n 


OF GAUSSIAN SURFACE 

The system has spherical symmetry. To take advantage of 
mmetry inary sphere as our Gaussian surfa 
sy , nductor. To calculate the fer 


of radius 7 cen | 
outside the conductor, We take r to be greater than the radius y 
the conductor R; to calculate the field inside, we take r to be le, 


than R. In either case, the point where we want to calculate ù 
lies on Gaussian surface. | 
OUTSIDE THE SPHERE 


We first consider the field outside the conductor, so we chooy! 
r> R. The entire conductor is within the Gaussian surface, so th 
enclosed charge is 4. The area of the Gaussian surface is Amp. 
Ē is uniform over the surface and perpendicular to it at eac 
point. The flux integral d E,dA in Gauss’s law is therefor 


ELECTRIC FIELD 


E(4ar’) which gives 
Enr) =+ 
E 
or E= _! 4q (outside a charged conducting sphere) 


Angr 
This expression for the field at any point outside the sphere (r>R) 
is the same as for a point charge; the field due to the chargei 
sphere is the same as if the entire charge were concentrated at it 


centre. Just outside the surface of the sphere, where r = R, we ge 
l-4 


~ 4ng R? 
(at the surface of a charged conducting spher 


ELECTRIC FIELD INSIDE THE SPHERE 


We know that extra charge on a conductor lies on its outer surface 
So there is no charge inside the Gaussian surface, i.e., q, = 
(figure). Therefore, i 


“ $B di="* =0 3 Fim e0 => E=0 
© 


Gaussian surface 


H ee 
ence, at a point inside the sphere, electric field is zero. 


NRE ti) > 


BET ak RA at the center of an uncharge! 

(a) Find the ieie ag ; pian amaoni 

(b) What is the magnitude and si l 
on the inner shell surface? 

(c) What is the electric field at points r > b? 

(d) What is the surface char nae 

conductor? 


gn of the induced charge 4 


ge on the outer surface of the 


(a) 


(b) 


(c) 


(d) 


Consider a Gaussian surface § of r 
| 


, adius r< R inside the 
cavity, centered on charge Q. From Side the 


Gauss’s law, 
$r =E -dA = E(4rr?) = +9 


€ 
From this we find the electric field to be 
l 
r=- 2 
ATE) r> 


Consider a Gaussian surface S, 
inside the conducting material. 
We do not know if there is a 
charge on the inside surface of | 
the conductor or not. We assume ` 
that the charge is g': if g' is zero, ‘ 
the result of Gauss’s law will 
show it. Because the Gaussian 
surface is inside the conductor. 
the electric field is zero. From 


bE a= E(4nr?) = Qenclosed =f} 
à Ep 
Qenclosed _O+q' 
E E 
There is a charge on the inside surface of the conductor. 


The total charge induced on the inside surface of the cavity 
is the negative of the charge placed at its center. 


or =0 org'=-O 


For E (r> b), consider a Gaussian surface S. From Gauss’s 
law, l 


Ór = fE -dA= Ooiciosd 
Eo 


or E(4nr2)=72 
Eo 


It was stated in the problem that the conducting sphere has 
no net charge. Consequently, the total charge inside our 
Gaussian surface S, is the sum of charge +Q and induced 
Charges —Q on the inner surface of the conductor and +O 
on the surface. Once more we can see that the field outside 
the sphere is the same as for a point charge. The conducting 
sphere has no shielding effect at all. 

However, such a conducting shield prevents electrostatic 
fields from charges outside the shell from entering it. 

The conducting shell 

has no net charge, 

yet there is a surface E 
charge —Q on its , 
surface. Because the, / 
net charge on the 


Q on 
inner surface 


Jn 


t 4 
fs 
J 

/ 
4 


| 


rei 
t 
œ C 


t 


/ *¥ 
Charge can reside f d t i i 


h je IQ on 
shell 1s Zero and no i outer surface 
. r ' 
Inside a conductor, DS n 1 @ 

A ‘4 
there must be +O on 44 pr? LO inside 
the outer surface of the conductor 
the conductor. 


Electric Flux and Gauss's Law 2.11 
FIELD OF A LINE CHARGE 


Electric charge is distributed uniformly along an infinitely long, 
thin wire. The charge per unit length is A (assumed positive) 
known as linear charge density. 


SELECTION OF GAUSSIAN SURFACE 


The system has cylindrical symmetry. This property suggests 
that we use a cylinder as a Gaussian surface with arbitrary radius 
rand arbitrary length /, with its ends perpendicular to the wire 
(sce figure). We break the surface integral for the flux ®, into 
an integral over each flat end and one over the curved side wall. 


By, =E 
oa Gaussian 
i surface 


<a a 
E =0 Ve y 
O 


ERER VEEL dA) 


There is no flux through the ends because Æ lies in the plane of 
the surface. To find the flux through the side walls. note that Ē 

is perpendicular to the surface at each point: by symmetry. £ has 
the same value everywhere on the walls (curved surface). The 
area of the side wall is 2 zr]. Hence, the total flux ®©. through the 
entire cylinder is the sum of the flux through the side wall. which 
is (E)(2 zrl), and the zero flux through the two ends. Finally. we 
need the total enclosed charge, which is the charge per unit length 

multiplied by the length of wire inside the Gaussian surface. or 
Qanı = A1. From Gauss’s law, we get 


©, =(E)\Q2arl) = and E = Å 
Eo 2E, r 


= 


(field of an infinite line of charge) 
We have assumed that A is positive. [fit is negative, = is directed 
radially inward toward the line of charge, and in the above 
expression for the field magnitude £, we must interpret i as the 
magnitude (absolute value) of the charge per unit length. 


A long, straight wire is surrounded by a hollow meta! evlu 
whose axis coincides with that of the wire The wire bas a 
charge per unit length of A, and the evlinder has a net charge 
per unit length of 2A. From this information, use Gauss’s law 
to find (a) the charge per unit length on the inner and outer 
surfaces of the cylinder and (b) the eleme field outside the 
cylinder, a distance r trom the axis 


wer 


Top view 
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er a cylindrical Gaussian surface 


ting material. Let us 
t length on the inner 


(a) Inside surface: Consid 
(S,) of length /, inside the conduc 


assume the charge induced per unl | re 
surface of the cylinder be 4". As the Gaussian surta 


atric field is zero. From 
is inside the conductor, the electric field is zero Fre 


Gauss’s law 


oS. Die. (AI+A'l) 
PE d 4 — C enclosed = 0 = s 
Ep 0 


= _). hence the charge per unit length on 


der is —A. 


which gives A’ 
inner surface of the cylin 


Gaussian surface (S3) 


+ N 
EE. THA | 
y \ ~~ = Er. Í i 
Ae N Gaussian surface (S,) 


oo ra 


Outside surface: The cylinder has net charge per unit 
length 3A. Now considering the cylinder of length /. 
Total charge on metal cylinder, 


2Al= Gin + Ion = CADH Four = Fou = 34! 


Hence charge per unit length on outer cylinder, 


(b) Now consider a cylindrical Gaussian surface length 
‘I passing through a point which is located outside the 
cylinder at a distance r from the axis. 


Oa 


E 


Applying Gauss’s law fE: dA = 


UATI 


E- 27rl 
Ey 
=> E= 3A (radial outward) 
2er 


FIELD OF AN INFINITE PLANE SHEET 
OF CHARGE NE SHEET 


Let us consider a thin, flat, infinite sheet on which there is a 
uniform positive charge per unit area o. 


SELECTION OF GAUSSIAN SURFACE 


To take advantage of these symmetry properties, we use a 
cylinder as our Gaussian surface with its axis perpendicular to 
the sheet of charge, with ends of area A (refer figure). 

The charged sheet passes through the middle of the cylinder’s 
length, so the cylinder is perpendicular to the surface; hence ié 
flux through each end is EA. Because E is perpendicular to the 
charged sheet, it is parallel to the curved side wall of the cylinder 
and there is no flux through these wall. 


4 
ae he \ e 
> \ 
\ os \ A 
/ \ yh E 
park I W 
EL) LY 
~ A) o ae À 
LA > 4 + Gaussian 
+ | surface 


gral in Gauss’s law is then 2EA (E4 fom 
from the side wall). The net charge With 
he charge per unit area multiplied 4! 
by the surface, or Qı = OA, Heng 


The total flux inte 
each end and zero 
the Gaussian surface 1s t 
the sheet area enclosed 
ording to the Gauss’s law 


acc 
oA 
2EA = — 
E 
or B= & (field of an infinite sheet of charge) 
E 


s negative, E is directed toward the she 
urface in figure Is negative, an 
denotes the magnitude (absoly, 


If the charge density 1 
the flux through the Gaussian s 
in the expression E = 0/2€,, O 


value) of the charge density. Ea 
The assumption that the sheet is infinitely large is an idealization 


nothing in nature is really infinitely large. But the result E = glg 
is a good approximation for points that are close to the sheg 
(compared to the sheet’s dimensions) and not too near its edga 
At such points, field is very nearly uniform and perpendicula 


to plane. 


FIELD AT THE SURFACE OF A 
CONDUCTOR 


To find a relation between o at any point on the surface and 
perpendicular component of the electric field at that point w 
construct a Gaussian surface in the form of a small cylinder (4 


shown in figure). 

Outer surface 4 
of charged 
conductor 


Gaussian 
surface 


=. nold just outside a charged conductor is perpendicular (0 
e surface and its perpendicular component £} is equal to 0/£0- 


rae wiih iten A, lies within the conductor and 
aa just outside. The electric field is zero at all poil! 
is the conductor. Outside the conductor, the component 
E perpendieular to the side walls oF he cylinder 4 
OA aee A SE A EA E ET E equal to Fy 
E, is Bositive: ie me field points out of the conducto 
O art it © is negative, the field points inwa! 
1 IS negative.) Hence, the total flux through the su ace 


A. The charge enclosed within the Gaussian surface is o SO 
cs j 
from Gauss’s law, we get 


oA 
E,A=— 
& 
O on ` " 
E, =— (field at the surface of a conductor) 
or & 


We can check this with the results we have obtained for spherical, 
vlindrical, and plane surfaces. 
c) 


ELECTRIC FIELD DUE TO A CHARGED ISOLATED 
CONDUCTING PLATE 


The electric field due to a charged isolated conducting plate is 
twice the field due to a plane sheet of charge. This is due to the 
reason that in the case of the sheet, the same charge is present 
on both its sides. 

The above result can be 
obtained very easily from the 
principle of superposition of ee 
Selds. The electric field at P is E E | E, E, 
gue to two sheets of charge, one «— «— + + 
on each surface of the plate. 

Further, the fields due to both E=E tE, +ot 

Š 4—0 | 
the sheets are perpendicular to 
the plate and are in the same 
direction. | 

Thus. E is the electric field 


Side 1 4 & Side 2 


(E) at P due to the sheet of charge on side 1 plus the electric 
field (£,) at P due to the sheet of charge on side 2 of the plate, 


pep epee 04228 


Same is true for a point Q on the left side of the plate. 
For a point inside the plate, 


E=E,+E, 


a E=E,-E,=0 (as E, and E, are equal and opposite) 


Prove that if an isolated (isolated means no charges are near 
the sheet) large conducting sheet is given a charge, then the 
charge distributes equally on its two surfaces. 


‘Sol. Let there be x charge on the left side of the sheet and 


=x charge on the right side of the sheet. Let us take a point P 


inside the plate. 


j Since P lies inside the conductor, 
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) 
or raf and Q- =£ 


So charge in equally distributed on both sides. 


Ifan isolated infinite plate contains a charge Q, on one of its 
surfaces and a charge Q, on its other surface, then prove that 
electric field intensity at a point in front of the plate will be 


Q/2Ae,, where 0 = QO, + Q: 


Sol | Let us take a point P right of the plate. 
The electric field at P is the vector sum of the field due to both 
the surfaces. Hence, 


E=E,+ E, 


Oig 22 
= eoa ? © n + A- 
= B 
2 AE, 2 AE, ooa +E, 
= Q; + Q» A= Q A +E |t —>Ė, 
2 AE 2 AE, 2 


| Important Point: 
The illustration shows that the resultant field due to 2 sheet 
depends only on the total charge of the sheet and not on the 
| distribution of charge on individual surfaces. 


Two conducting plates 4 and B are placed parallel to each 
other. A is given a charge Q, and B a charge Q,- Prove that 
the charges on the inner surfaces are of equal magnitude and 
opposite sign. 


conductor where the electric field is zero. The flux through 
these faces is, therefore, zero. The other parts of the closed 
surface, which are outsite the conductor, are parallel to the 
electric field, and hence the flux on these parts is also zero. The 
total flux of the electric field through the closed surface ts, there- 
fore, zero. 


Electric field is zero 
inside the plate (E = 0) 


Q D -=A ESER. G 
p” very x = 
\ \———. Gaussian surface 
l l 
l | L] = t \re > > 
BVA yi Er — rea vector of 


Q, | l De sa, B j Gaussian surtace ts 
| perpendicular to 
| electric tield. 
Electrice field is zero l : o 


-inside the plate (A = 0) 


From Gauss’s law, the total charge inside this closed surface 
should be zero. Thus, x + yvy=0 or x =—-y. 


Hence, the charge on the inner surface of 4 should be equal and 
opposite to that on the inner surface of B. 
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Two identical metal pl 
having charges 4, and q,, 
separation d. Find the charge appe 
(3), and (4). Assume the size of the p 

the separation between the plates. 


ates each having surface area A, 
are placed facing each other at a 
aring on surface (1), (2), 
late is much larger than 


Facing surfaces have equal and z 
auss’s theorem). Let Q| |@ © |@ 


opposite charge (by G 
arges x and ~Y 


the facing surfaces have ch 
[surfaces (2) and (3), respectively]. 

Then the charge on surfaces (1) and (2) 
should be (q, - *) and x, respectively (by 
conservation of charge). Facing metallic 1% 
surfaces always have equal and opposite 
charge. Hence, charge appearing on surfaces 
(3) and (4) will be ~x and (q, + x), respectively. 
Let us consider a point P inside the left plate. The net electric 


d 
e— d 


field at P should be zero. 
10 © HO) 
t — + 
H 2 H 5 @ + x) 
To = cdl g Aes A 
3 = 
fora Bit 
+ - + 
+ = 4- 
+ — + 
n ea je 
+ ° A- |+ 
+ = + 


The net electric field at P will be due to the resultant of 
w fields due to the charges appearing on all four surfaces. 
us, l 


E, +E SE tE, 


o B %2,7 


a bg 
2& 2& 2& 2& 
=> 4, —xt+x=q,+xtx 
ag ge {1 —~ 42 
2 
Hence, charge appearing on different surfaces are as shown in 
figure. 
oH |7@ @- 2 
-| |+ 
gta +} |} Ft 
- >: + a4 a tan 
+E |4 a. @ 
+| |+ -| |+ 
+ |4 + 
4 + - + 
+B |} (4, ~ 4) 4 
+ 4 2 H 
yur 4 -{ | 
t t | DATTE 


“q+ $ 7 
Face (1); 2—4 al S 
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Sea eo 
Ti 


\ 
i 
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. 1 
= Face (3) | (i M) ` 
x 9 ~ 


gO Tg 
s POT i 
/ . 
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> Face (4) ( nta: \ 
\ + I 


) / 


¥ be 


1 


Face (2)! 2-4 ' 
w 2 / 


4 
~ ane 


w 


~ 
meri 


Important Points: 
Facing surfaces ha 


ve equal but opposite nature of | 
charges with magnitude half the difference of the charge, 
on different plates, i.e., (4, — q,)/2 in surface (2) ang 
CP q,)/2 or -(q,- q,)/2 in surface (3). — | 
Outer surfaces always have equal charges of magnitude | 
half the summation | 


of charges, i-€-, (9, + 4,)/2 in each | 
surfaces (1) and (4). 


ə Ifwe have this type of charge distribution, then the electric | 
field inside any metal plate will be zero. 

e The charge appearing on surfaces 
(2) and (3) is called bounded 
charge, and the charge appearing 
on surfaces (1) and (4) is called 


free charge. 

e If we join the second plate (right 
plate) with ground, the charge 
appearing on surface (4) will go to the earth. | 

e Any metal plate or object connected to the earth 
need not have zero charge. If the conducting body is 
isolated and connected to earth, then it will have no 
charge. If the conducting body connected to earth has | 
any charged object near it, then the body will not have. 


zero charge. 


Fett ttttet 


| 
Q 


Prtitrbtrrrrerar 


pa 


+ 
<S ` 


Figure shows three large metallic f 
plates with charges Q, 40. and -O, 
respectively. Determine the final | 
charges on all the surfaces. ; 


ko Method 1: We assume that the charge on surface 2 5 
e conservation of charge, we see that surface 1 bE 
charge (Q-x). The electric field inside the metal plate is zer 


so fields at P is zero. 
O 40 _2 


lero ? 34 5 -? 


So the resultant field at P is E,, = 0 
P 


(O-x)_(+40-Q) Sjer 
2 AE, 2 AE | 
| | Fa 
or O-x=xt30 m es 
or x=- — ay 
mae Eight l Ea 


charges on the facing surfaces 
of the plates are of equal magnitude 
and opposite sign. This can be 
proved by Gauss’s tl 
ss’s theorem also. It 
SO, al Q -30 


20 


is an important result. 
hus, the final charge distribution on 
all the surfaces is shown in figure 


Metho . The electri = . 
a ii À Fhe electric field due to an infinite sheet of charge" 
ie pendent of distance. We can take plates (ii) and (iii) 45 0 
system or one plate having charge 40 — Q = 30 


7 


~ w- 


- a 


2 je ss Q 30 
1 |2 /36 |4 5 6. 
| > Pl 
i) Gi) ciii) ‘ 


=~ -@” 


=-0 


calculated in 


The charge appearing on surface (2) is q, = Q -39 
2 


Hence, final charge distribution is same as we 
method 1. 


An isolated conducting sheet of area 4 
and carrying a charge Q is placed in a 
uniform electric field E, such that the 
electric field is perpendicular to the 
sheet and covers all the sheet. Find 


out the charges appearing on its two 
surfaces. 


IB Let there be x charge on the left side of the 


plate and Ọ — x 
charge on the right side of the plate. Then 


E,=E,+E,+E=0 


= E=0 
24€, 24A€, 
2 AE, 
2 
and Q-x= 4 BAe, 


= the charge on one side is (2 = FAG) and the other side is 
| Zt Ele) 


Three large œ i 
onductin sheets 
Placed 4 a 


Q 2 
finite a to each other at a ., l 
© 


| 


© © 


W 


Q 
eD 
stance contain charges Q, 


and 30, respectively. Find the 
electric fie g 4 4 


at points A, B, C, and D. 


(a) Electric field at A is E,=£,+ £,+ É, 
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or E} -2 (toward left) 
0 


(b) Electric field at Bis Ey = È + E+ Ë, 


7 l adaz 2 , = 3C ; 
Ë = 52 (i), By = 22 i), and f, = 2% (i) 


2E, 2&,A 2E,A 
= +20 — 4 
. &,- 2+ 20-30% _9 
2EyA 
(c) Electric field at Cis Éo = È + £,+ E, 
5 C 
E; ——E, 
E,<— 
=- Oi. = 3 2 
= i), E, = (—i), and E = —— C- 
; A > PEA ) E i ) 
3 -20-3 : 
§, = 2-20-30) _ 20 5, 
2&)A 


or Eo= -2 (toward left) 
0 


(d) Electric field at Dis Ẹ = Ē+Ē + Ē 


+E, 
3 D z 
E; <—E 
=F 
> QO as O à = 30 . 
= i), E= —i ), and E = —= (i 
i 26d"? i ew hi as 26,4.” 
z _(Q-20+30). Q . 
n Ep == —S =? (7) = = (3) 
j 2&)A ) “ 


0< 


or E= E (toward right) 
€ 


0 


—_— Ř——— 


FIELD OF A UNIFORMLY CHARGED 
A MTA EVAL CHARGED 
SPHERE 


Positive electric charge Q is distributed uniformly throughout the 
volume of an insulating sphere with radius R. 


SELECTION OF GAUSSIAN SURFACE 


The system is spherically symmetric. To make use of this 
symmetry, we choose a sphere as our Gaussian Surtace with 
radius 7, concentric with the charge distribution. 


ELECTRIC FIELD INSIDE THE SPHERE 


From symmetry, the magnitude E of the electric field has the 
same value at every point on the Gaussian surface, and the 
direction of Æ is radial at every point on the surface. Hence, the 
total electric flux through the Gaussian surface is the product of E 
and the total area of the surface A= 47r", that is, ®, = 47r E. 


peene 
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a OŘ 


The amount of charge enclosed within the Gaussian 
surface depends on the radius 7. Let us first find the field 
magnitude inside the charged sphere of radius R; so we choose 


r<R. 
The volume charge density p is the charge Q divided by volume 
of the entire charged sphere of radius R, 1.€., 
__@ 
P= 4nR13 
Q = pV, = Q- (tm)-0% 
encl encl 47R?/3 3 R 
i i -$ edd = 2 
Then using Gauss’s law, we get g= $ EdA = 
E 
3 
eters 
$ 4 E R? 


0 


] a 

or = —o (field inside a uniformly charged sphere) 
0 

The field magnitude is proportional to the distance r of the field 

point from the center of the sphere (refer figure). 

At the center (r = 0), E = 0. 


Electric field in terms of charge density (at inside point) is 


f£-£" (field inside a uniformly charged sphere) 


o 


— 


= 


ELECTRIC FIELD OUTSIDE THE CHARGED SPHERE 
We use a spherical Gaussian surface of radius r > R. This surface 
encloses the entire charged sphere, so Q,,,, = and Gauss’s law 
gives : 

, l 
E(4ar’ ) = g 


l) 


| £ 
eS 
4r 


&, 7 


(field outside a uniformly charged sphere) 


For any spherically symmetric charged body, the electric field 
outside the body is the same; however, the entire charge is 


concentrated at the center. 


ELECTRIC FIELD DUETO A LONG ~ 
MLY CHARGED CYLINDER 


UNIFOR 
formly charged cylinder of volumetric cha 


Consider a long uni 
density p and radius R. 


| 
j 
SO (5: ae 


Gaussian surface 


I 
(At point r > R) 


1 
(At point r < R) 


R, the Gaussian surface wil’ 


For any point r < R or r > 
For any point inside the cylin 


cylindrical as shown in figure. 
| 


(r < R), we get 
EQarl) = 42 = PY 
E E 
pal. > Exr 
26, 


For any point outside the cylinder (r > R), we have 


Gin _ (PTRD 


E(2arl) = 
E Ep 
= a > Eœ : 
2er r 


Electric field inside the long uniformly charged cylinder Y% 
lineary, i.e., E œr and outside the cylinder the electric | 
varies inversely to the distance from the axis, ie. 2° 

(see figure). | 


UV 


ió 


eCTRIC FIE LD NEAR UNIFORMLY 
yOLUME CHARGED PLANE 7 
yOLUME CUANTO HANE 


athere be charge distributed uniformly in an infinite plane of 
L ness dwith the volume charge density p. Due to symmetry, 
tht estri field will be normally away and same in magnitude 
he distances from the plane of symmetry. 

at S 


rgtD INSIDE THE PLANE 


Consider the Gaussian surface of the form of a cylinder of area 
sand thickness 27(<d) placed symmetrically (figure). On the 
curved surface, flux of electric field will be zero as the area 
vector 1S perpendicular to the field vector. On the left and right 
surfaces. flux is positive (outcoming flux). Hence, 


ee ae 
aaa ai 


where  EdS = $ EdS + $ EdS £0;¢.4.4 =V p= S2rp 
5 Left 


Right 


Hence, the electric field inside the plane sheet (r < d/2) is 


directly proportional to the distance of point r from the central 
plane. 


<——Y— Plane of symmetry 
e 


d 
a Consider the Gaussian surface of the form of a 
On ke of area S and thickness 2r (> d) placed symmetrically. 
ZETO “ curved surface, the flux of electric field will be 

ás the area vector is perpendicular to the field vector. 


Or ‘ 
Biia and right surfaces, flux is positive (outcoming flux). 
Ice, 


$ Eas a d inciosed 
5 E, 
2E5 = S4 P 

E 


0 


» 
(2 A (field outside uniformly charged plane) 
0 
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j 


Hence, the electric field outside the plane sheet (r < d/2) is 
constant and does not depend on the distance of point r from the 
central plane (see figure). 


CONCEPT APPLICATION EXERCISE Z.Z 


1. The three small spheres as shown in figure carry charges 
q, = 4 nC, q, = -7.8 nC and q, = 2.4 nC. Find the net 
electric flux through each of the following closed surfaces 
shown in cross section in the figure. 
(a) S, (b) S, 

(d) S, (e) S, 


Do your answers to parts from (a) to (e) depend on how 
the charge is distributed over each small sphere? Why or 
why not? 


(c) S, 


2. A conducting sphere carrying charge O is surrounded by 
a spherical conducting shell. j 
(a) What is the net charge on the inner surface of the shell? 
(b) Another charge q is placed outside the shell. Now. 

what is the net charge on the inner surface of the shel]? 
(c) If g is moved to a position between the shell and the 
sphere, what is the net charge on the inner surface of the 
shell? 
(d) Are your answers valid if the sphere and shell are rot 
concentric? 


3. A solid insulating sphere of radius 

a carries a net positive charge 30, 

| uniformly distributed throughout ts a A 
volume. Concentrte with this sphere 


is a conducting spherical shell with ay 

inner radius b and outer radius ¢ and TS 

having a net charge OQ) as shown in | 

figure. 

(a) Consider a spherical Gaussian surface of radius r> c. 
the net charge enclosed by this surtace is 

(b) The direction of the electric field r > e is 


(c) The electric ħeldatr> cis | 


2.18 Electrostatics and Current Electricity a aman eee A | 
(d) The electric field in the region with radius r, where Then, . . 
c>r>b,is (a) the electric field for r < R, is zero. (Yes/No) 
(e) Consider a spherical Gaussian surface of radius 7, (b) the electric field for R, <r < R, is given by 
(c) the electric field for r > R, is given by 


where c >r >b, the net charge enclosed by this surface 
8. A ring of diameter d is rotated in a uniform electric fel 
e | 


iS : 

(f) Consider a spherical Gaussian surface of radius 7, until the position of maximum electric flux is found, Th, 

where b >r >a, the net charge enclosed by this surface flux is found to be ¢. What is the electric field strength) 

9. Consider two concentric conducting spheres. The on 
sphere is hollow and initially has a charge -7Q on it. Th 
inner sphere is solid and has a charge +2Q on it. 

(a) How much charge is on the outer surface and inne, 
surface of the outer sphere. 

(b) If a wire is connected between the inner and oute 
sphere, after electrostatic equilibrium is establishes 
how much total charge is on the outer sphere? Hoy 
much charge is on the outer surface and inner surface 


is . 
(g) The electric field in the region b >” >a is 
(h) Consider a spherical Gaussian surface of radius 7 < a. 
Find an expression for the net charge Q(r) enclosed 
by this surface as a function of r. Note that the charge 
inside this surface is less than 3Q. 
| (i) The electric field in the region 7 < a is 


| 
| (j) The charge on the inner surface of the conducting 


| shell is . 
(k) The charge on the outer surface of the conducting of the outer sphere? Does the electric field at the 
shell is surface of the inside sphere change when the wire j 
(1) Make a plot of the magnitude of the electric field versus connected? 
F: (c) We return to original condition in (a). We now connec 


the outer sphere to ground with a wire and ther 
disconnect it. How much total charge will be on the 
outer sphere? How much charge will be on the inner 
surface and outer surface of the outer sphere? 
10. In an insulating medium (dielectric constant = 1) the 
charge density varies with y co-ordinate as p = by, wher 
b is a positive constant. The electric field is zero at y=! 
and everywhere else it is along y direction. Calculate tit 
electric field as a function of y. 
An infinite wire having charge density _ 
A passes through one of the edges ofa _ 
cube having edge length ‘/’. Find the = 


(a) total flux passing through the cube, 


4. A small conducting spherical shell with inner radius a 
and outer radius b is concentric with a larger conducting 
sphereical shell with inner radius c and outer radius d. 
The inner shell has total charge +2q and the outer shell 
has charge +4q. 

(a) Make a plot of the magnitude of the electric field versus r. 

(b) Calculate the electric field (magnitude and direction in 
terms of q) and the distance r from the common centre 
of the two shell for (i) r < a; (ii) a <r < b; (iii) b <r < 
c; (iv) c <r < d; (V) r > d. Show your result in a graph 11. 
with radial component of Ē as function ofr. 

(c) What is the total charge on the 
(i) inner surface of the small shell; 


(ii) outer surface of the small shell; (b) flux passing through the surfaces 
(iii) inner surface of the large shell; which are in contact with the wire, 
(iv) outer surface of the large shell? (c) flux passing through the surfaces 
5. Which of the following statements is/are correct? which are not in contact with the wire. 
(a) Electric field calculated by Gauss law is the field due 
to only those charges which are enclosed inside the ANSWERS 
Gaussian surface. | 1.(a) 452 Nm?/C (b) -881 Nm?°/C (c) 429 NC 
(b) Gauss law is applicable only when there 1s a (d) 723 NMm?/C (e) -158 Nm?/C 
symmetrical distribution of charge. 
(c) Electric flux through a closed surface is equal to total 2.(a) -0 ©) -Q (© -Q+ (d) Yes 
flux due to all the charges enclosed within that surface 3.(a) 20 (b) radially outward (c) 4m8, 20r (d) zen 
miy, (e) zero (f) 3Q (g) W/4ae, 3Q0/r (h) OV) = zare 


6. Which of the following statements is correct? If E = 0, at 
all points of a closed surface 
(a) the electric flux through the surface is zero. 

| charge enclosed by the surface is zero, 


(i) 1/47, 3Qr/a° G) -30 (k) 20 
5, (a) False (b) False (¢) True 6. (a) True (b) T 


(b) the tota 


| 3 3 
| , ) ~ —R 2 
| 7. Ahollow dielectric sphere, as shown 7.(a) Yes (b) E Te (c) 1/478, Qr 


— TE 
in figure, has inner and outer radii i f i Aner” Ry -Ri 
of R, and Ry respectively. The total ( ( a 8. 4p nd 9, (a) 50; -2Q (b) =50; —5Ọ, 0; Yes 
charge carried by the sphere 1s +0, \ \ F 10. 6y2/2e 
\ A oats” peat | 


this charge is uniformly distributed ; 


R, and R, 11. (a) Al/4e, (b) pan i A/8E, 


| 
F ACTING ON THE SURFACE OF 


fO HARGED CONDUCTOR 


4 the electrostatic force on a charged conductor, let us 
To fin elementary patch of area dA, which encloses a charge 
ake l 4, where O is the surface charge density. 
aq jementary charge dq will experience a force dF due to the 
The i «field E, of other charges (except dq) because a charge 
a be interacted by its own field. So 


dF = (dq) E, (i) 
Let E, be the electric field of dq and E, be the electric field 
l . -< 5 
of others (except dq). Since E and E, cancel to give zero net 


E _ =E -E= 0 


inside 


t Bee, (ii) 


Since E and E are parallel and combine to give a net field 
E=0£, outside the conductor, 
oO vee 
E otide = E T E, = 2e ...(111) 
Using Eqs. (11) and (iii), 
oO 
= E. = — 
bb =z 
Then from Eq. (i), the force dF = E, dq, where 


Ey=— and dq = o dA. 
2E 


> Ea@E) a (just outside the conductor) 


Putting o= ¢ E in the above expression, we have 
dF EE 2 


-m o Jh am 


dA 2 
The above expression tells us that the electrostatic stress 


Pa @ and E, which makes the charge fly apart but held by the 
mechanical force of the conductor. 


Find the electrostatic force of interaction between two halves 
of 4 spherical conductor of radius R carrying a charge Q. 


ta, Take an elementary area dA containing a charge dq on the 
€ ; . 
“mentary ring of radius r. 
dFsinð 
A 


, Ae pdea 


a > dFcos0 


v 
dFsin@ 
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g : ; 
The force acting on dq is dF = — dA (as derived earlier) 
2 0 
The net force on the ring is 
O a 
Ping = [dF sind = lene 
o’ a 
= — sin af dA = © sind (Aing) 
LE, 2E, 
where, Aing = 2ærRd0 = 27(R cos 0)R d0 = 2nR’ cosd 
2 2 
o7nR . 
or Faing = ZT sin @cos0d0 ..(i) 
Ep 
Finini = | Fring sla (il) 
Substituting Fow from Eq. (i) in Eq. (ii), we get 
a) 2 +n/2 
o mR g 
Fvemisphere = | sin @cos @, where o ry 
on 


Fs =———_ 
hemisphere 35 TE, R 


CONCEPT OF SOLID ANGLE 


Solid angle is the three-dimensional angle enclosed by the lateral 
surface of a cone at its vertex as shown in Fig. (a). Solid angle 
can also be defined as the three-dimensional angle subtended by 
a spherical section at its center of curvature as shown in Fig. (b). 
As in the figure shown point O is the center of curvature of a 
spherical section S of the radius R which subtend a solid angle 
Q at point O. 


CALCULATION OF SOLID ANGLE OF A RANDOM 
SURFACE AT A GIVEN POINT 

In figure we have a disc ‘D’. To find the solid angle subtended 
by this disc at point O, we join all the points of the periphery of 
the surface D to the point O by straight lines. This gives a cone 
with a vertex at O. 

Now by taking center at O, we draw several spherical sections 
on this cone of different radii as shown. Let the area of spherical 
section which is of radius r, is $, and the area of section of radius 
r, is $, á 
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If is found that the ratio of area of any sphere interrupted by 


cone to the square of radius of that sphere is a constant and this 
constant is called solid angle. It is denoted by Greek letter $2. 


In the figure shown the solid angle Q can be given as 
SB» 
Q = =o. = 
r 
Solid angle is a dimensionless physical quantity and its SI units 
is streradian. 
One steradian is the solid angle subtended at the center of sphere 
by the surface of the sphere having area equal to square of the 


radius of sphere. 


SOLID ANGLE OF A SURFACE NOT NORMAL TO AXIS 
OF CONE 
Consider a small surface AB of area ‘ds’ as shown in figure. Let 
PO is the axis of cone formed by this surface at point P. Here PO 
is not normal to the surface AB. Here the solid angle Q subtended 
at point P can be given as. 

aco i) 


r 


Here 9 is the angle between surface area vector S and the axis of 
cone PỌ as shown in figure. For small surfaces, solid angle can 
be obtained by Eq. (i) for any point in the surrounding. 


] area = ds 


RELATION IN HALF ANGLE OF CONE AND SOLID 
ANGLE AT VERTEX 


Approach 1: 


Consider a spherical section S of radius R, which subtend a half 
angle @ (radian) at the center of curvature. To find the area of this 
section, we consider an elemental strip on this section of radius 
R sin @and angular width d@ as shown in figure. The surface area 
of this strip can be given as 

dS = 27Rsin@x Rd0 


The total area of spherical section can be given by integrating the 
area of this elemental strip within limits from 0 to @. 


Total area of spherical section is 
9 
S = [dS = | 2x? sin@d0 = 2nR*[-cos6}, = 24R*(1—cos) 


If solid angle subtended by this spherical section at this center O 
is Q then 
S  27R*(\—cos@) 
Q= Re. Rk (i) 


From Eq. (i) we have 


Q = 2m(1-—cos ¢ġ) -e (ii) 
Equation (i) gives the relation in half angle of a cone @ and the 
solid angle enclosed by the lateral surface of cone at its vertex. 


Approach 2: 
In figure we have a disc ‘D`. 
7 
|r 
E | 
m a a 
EE 7 : / 


To find the solid angle subtended by this disc at point P, we ? 
all the points of the periphery of the surface D to the point P 
straight lines. This gives a cone with a vertex at P. 
Consider an elemental ring of radius x and width dx. 


Area of this ring (strip) is dS = 27x dx 


Solid angle subtended by this element at point P is | 


12= dScos@ _ dS cos@ 


„yds cos@ 


r’ 7 (x? +a’) 
z J= (27rxdx) a 
(x? +a’) Ja? x" 


dx, 


Hence total solid angle subtended by the disk is 


R R 
ülo ( e =o [——_ 
j E +a) i +a y”? 


Let (@ +x )=t | 


27xa 


d(a’°+x*)=dt > 2xdkv= dt >x d= Lar 


When x = 0, t = a”. When x = R, t= (a° + R?) 


a? +R? dt/2 eR) ; 
ġ = 2ra j $ ie ra" R) tat 


(44 (a? +R?) 


as 
T a 12 a 
(a* +R?) 
=> Q=-2na $ 
(3) a 
= —27a l _ l 
(a + re) (a)i) 


=>Q=2r|l-cosa] 


where œ is the semi vertical an 


I 
d by! 
disk at P. gle of the cone subtende | 
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coLID ANGLE ENCLOSED BY A CLOSED SURFACE 
nsider Fig. (a) that shows Das a spherical section of radius R 
0 ptend a solid angle £2 at its center of curvature O. The 


which g d for thi . 
palf angle of cone formed for this solid angle is @. 


(a) 
in this situation if we use Eq. (11) to find the solid angle subtended 
by a hemispherical surface at its center then it can be given as 


Q= 2m(1-cos 90°) 

Q=2m steradians 
If we further increase the angle @, curved surface increases. At 
b= 180°, surface S [in Fig. (c)] becomes a complete sphere 
(closed). At this situation, solid angle at center is 

Q = 2a(1—cos180°) 

= 2a(1+1)=42 

Thus we can say that every closed surface subtend a solid angle 
4z at every interior point. 


We also say that 47 is the solid angle of three-dimensional space 
at every point in the space. 


A point charge q placed at a distance a from a disc of radius 
R. Find the electric flux due to the point charge crossing the 
disc. 


‘Sol We know a point charge q originates electric field lines 
in radially outward direction. 

Approach 1: 

To calculate the flux passing through the disc, we consider an 
elemental ring of radius y and width dy. 


Area of this ring (strip) is dA = 2y dy 


ye E cos0 


Electric field due to g at this elemental ring, 
oe eee ee 
4ne, (a +y’) 


If dis the flux passing through this elemental ring, we have 


dọ = EdAcos0 


| q a 
a| — = | DE YOY | ae 
(i (a +y’) | y va) 


_4a{__ IW 
2E, (e +y y” 
Total flux through the disc surface can be given by integrating 
this expression over the whole area of ring thus total flux can be 
given as 
R ydy 


0 tyy” 


pjes] 


On integration we get, 


si] 
2E, Va +R? 
Approach 2: Using the concept of solid angle 


For a point charge q, total flux originated is 4 in ali directions. 
0 


We can say that from a point charge q, 4 flux is distributed in 
4r solid angle. Eo 


A flux is distributed in 


0 
4r solid angle. 


The solid angle enclosed by cone subtended by disc at the point 
charge can be given as 


Q= 2r|l-cos&| =2r -| 
ens =24{ ae 


Now we can easily calculate the flux of q which is passing 
through the disc surface as 


. lE a 
OE [i-z] 
Prise ba An XQ 4dr a+R 


j - #45] 
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bn 


[l Solved Examples — 


Find the electric flux crossing the wire frame eT PIN 
| width b and whose centre is at a distance Si r x je 
infinite line of charge with linear charge density A 

that the plane of frame ìs perpendicular to the line OP. 


b 


Sol Let us consider the wire frame is made of a number of 
strips as shown in figure. The strips are parallel with wire hence 
the electric field due to wire is constant on the strip. 


The fiux passing through a strip of area dA, dọ = EdAcos0 
The electric field due to wire on the strip, 
A A 


27E yr 


2e Nd’ +x" 
The area of the strip, dA = (l dx) 


and cos@= 


dr 


(1 dx). 


Hence [a d 
| 2me,Nd* +x? Vd’ +x? 


A. dl dx 


= do= —— 
2né, (df +x") 
Add"? dx _ Add | bie 
o=\do= J es Gap eee tan“! Ž 
RME, pad +x 27e, d d |p 
Adl | | 
ace tan") tan f- 
2me, d 2d ad 
_ 4 i b 
2TE, A 


nder of radius R a cylindri ation 


Ina long insulating cys ae | 
radius a located at a distance b from the axis of the cylinder. 


shown in figure. 


The solid part of the cylinder has a uniform volume charge 
density p: Find the magnitude and direction of the electric field 


ie 
inside the tunnel. r 


N Here we can use the principle of superposition as show 
in figure. | 


ce | | 
| p(-r) | | 


| Ecyiinder = “Qe, 


Cylinder of radius 


3 pr R having charge Cylinder of radim 
EGyinder a d > = a having charge 
2E ensity p dency -p 


The net electric field inside a hole in a charged insulating 
cylinder is | 


7 = - pr. plr) aP as 
: | Ë ad aypa a — (F r `) 
Ep = E yiio t Eon 
cylinder cavity 26 2E, ŽE 


=>E ee, E, is uniform. 


26 


4 solid spherical region having a spherical cavity whose 
pe ‘R` is equal to the radius of the spherical region, has 


charge ‘O`. Find the electric field at a point P 


a total as shown, 


8 Q 
p= 3 T74 
[$ra -44(8) 3 


We can use here the method of superposition. 


y 
M 
f R f Í Ry 
| .------4----- -2 i- = + | 
\ J 
< 7 8 
— A SS 4 7 
(1) (2) 
Sphere of radius Sphere of radius 
R/2 having charge R having charge 
density —p density —p 
1 T l Q, ` 
Electric field due to sphere (1) at P, E, =_——_-———__ 1 
TE 


Electric fi — 1 Q’ 
eld as log) 
| due to sphere (2), E, = a 
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g 
), = 7 = ee 
Q, = AR'p 72 
8 
D l (50) 
eee A E P 
` e An sii) 


A cube of edge / is placed in uniform electric field as shown in 
Fig. (a), if the cube is rotated by angle 0 with vertical as shown 
in Fig. (b). Calculate the flux of electric field entering the cube 


pr paren to the number of electric field lines passing through 
that surface. In new situation the field lines will interact with the 
different parts of the cube as shown in figure. 


The flux passing through the cross section of the cube, 
h = EL’ cos 


The flux passing through the uppet face of the cube, 


D. 
d= efi xE Jeos(o0" -0) = E-sin@ 
The flux passing through the lower face of the cube, 


L 90°-6) = EL sine 
p = E| Lx cos( 5 


e total flux of electric field entering the cube in this position. “Sol. | 
i BL L a) The electric field within the cavity or outside jg y 
oa = 9, + 9, +O; = EL cos 6+ — 6+ oe 0 ( superposition of the electric field due to the original ie | 
; sphere, plus the electric field due to a sphere of the siz, ’ 
= EL '(cos@ + sin) the cavity but with a uniform negative charge density, The 
effective charge distribution is composed of a Uniform 


charged sphere of radius R, charge density P, Superpoge 
on it is a charge density —p filling the cavity. An electri, 
field Æ is caused by the charge distribution +p at a Doin, 
F inside the spherical cavity. | 


The electric field in a cubical volume is 


tanhia) 
a a 


Each edge of the cube measures d, and 
one of the corners lies at the origin of 
the coordinates. Determine the net 
charge within the cube. x 


where ? is a unit vector in radial direction. Similarly, the 
electric field E, formed by the charge density —p insit 
the cavity is | 


pal (—S) 
= 
3& 
Here, 5 is the radius vector from the cavity center to tlt 


point P. From vector triangle 
F=atsors=r-—a 


We choose a differential slab of thickness dz at a distance z from 


i . wee . pa LE-A 
the y-axis. The electric field varies with the z-coordinate only. < Bs E 
The field components at this position have constant magnitude. £o | 
Consider faces 1 and 3. Net flux due to the y-component of the The resultant electric field inside the cavity is, therefor 


field is zero (area vector and field vector are perpendicular) 


given by the superposition of E, and E,. So 
and net flux due to the x-component is also zero because the - 


net flux in through face 3 is equal to the net flux out through B=E+E.= pr + ~p(r—a) S4 pa = constat 
face 1. Similarly, net flux through faces 2 and 4 is also zero. a 3E 3&5 3& | 
Flux through each differential slab in the cube is zero. Therefore, ~- pa 
from Gauss’s law, net charge enclosed by cubical volume is E Ers 
zero. : 
(b) (i) Electric field at points inside the large sphere w 
A sphere of radius R has a uniform volume density p. A spherical De pr 
cavity of radius b, whose center lies at d, is removed from i 3Ey : 
the sphere. 4 | =a) 
(a) Find the electric field at any point dnd bs l gq-s)_ 13 APR. J Ta 
inside the spherical cavity. Ana 3 4ne, (F - ap i 
(b) Find the electric field outside the | 


cavity 

(i) at points inside the large sphere , 
; but outside the cavity and E= 5+ &,= Phe : b _\g-a 

(ii) at points outside the large sphere. | 3&5 r-a 


The resultant electric field is 


pi 


bu! 


ii) Electric field at points outside the large sphere E 


( 
4 
M a ) 
EN Qrotal = G P Rèp 


F => F= 


1 Aner ATE? 30° 
4 
-| — xb ) 
=E Qiotal ş= G P a 
27 35 = 3 (=a) 
ane Ane, (7 — ai) 
_pb° 
-— P (F -4) 
3€ (|r — a D 


The resultant electric field is 


+ eS oP a b o B 
ii Al a E-a) 


pa Electric field inside 
3& the cavity 


pl- b \ _ _ | Electric field outside 
` E®)= 36 ar (r-a)| the cavity but inside 


the large cavity 


HRY £2) oe 
(5) (rt a] 


Electric field 
outside the 
large sphere 


A smooth chute is made in a 
dielectric sphere of radius R and 
uniform volume charge density p. 
A charge particle of mass m and 
charge —g is placed at the center of i 
the sphere. Find the time period of meat 
motion of the particle? | 


So Let the particle displace slightly toward right at a distance 
r from the center. The force acting on the particle is 


F =~gE, where pas 7 
3£o 
ec 
3E, 
g = 
r =-P4; or T Pq F 


H , , 
ii the force acting on the particle is making the particle 
“cute SHM. Comparing with a = —o F, we gel 


o = Pq 
3m, 


Ence . , oe 
> the time period of oscillation of the particle 1s 


T= an Pam 
pq 


An infinitely large layer of charge of 
uniform thickness ż is placed normal 
to an existing uniform electric field. 
The charge on the sheet alters the 
electric field so that it still remains 
uniform on both the sides of the 
sheet and assumes values £, and 
E, as shown in figure. The charge 
distribution in the layer is not 
uniform and depends only on the distance from its faces. Find 
the expression for the force F per unit area experienced by the 
charge layer. 


we l D Let E be the external electric field and Eevee by the electric 
field due to the layer. On the left side, 


ae tad (1) 
On the right side, z + + Zz 
EE a ti) = §* y == 
From Eas. (i) and (ii), F Fam A 
rom Eqs. (i) and (ii) ; ae (Pa 44 
2E=E + £, ...(111) ae raged 
Using Gauss’s theorem, Ty Nag 
o Epe Eon 
—f,A+ £,A=— — 
Eo 
Q is the charge inside the Gaussian surface 
Q . 
o  £;-£,=—— ..(1V 
27 = e, (iv) 


So the force experienced by the charge layer per unit area 1S 


F g 
F -(2)k AAN 


From Eqs. (iii) and (iv), substituting the values of E and Q'A, 
we get 

F E+ E á , 

Foam- BEY = SE-B) 


9 9 


There are n large parallel plate conductors carrying charges 


OOR ass Q respectively. 
Qı 0; Qu 


(a) Find the charge induced at surface A. 

(b) Find the charge induced at surface B. 

(c) If the left conductor is earthed, find the magnitude of 
charge flowing from plate to earth. 

(d) Ifany conductor is earthed, find the magnitude of charge 
flowing from plate to earth. 


Sh 


f 
| 


‘Sol. While solving the ee ee on the oute 
problems of multiple plates — gf) A S, Initial charge in plate 2 = Q, 
placed parallel to each other, : 5 a 
crenata i A : phopa Final charge 1n plate 1a" ye) 
e ` i ' '=3 
earin ‘ i , 
: a ae ` È Let the charge flowing from plate to earth be y. 
should be equal in o Pj oe 
magnitude as well as ee a ZO «+0, 
System I "Sees? ae F l i=3 ne 


ae : System II 
e Charges appearing 
on the facing surfaces $ 


opposite in sign. 
late (innermost or outermost) with 


e If we connect any p . 
earth, the charge appearing on the outer surfaces will be 


zero. 
e The charges of the plates other than those connected with 


earth remain conserved. 
(a) Charge on outermost surface A is half the summation of 


charges on both systems. So 


hould be equal in magnitude but 


Q, + Xo ] i=n 
= ee =— : 


i=l 
(b) Charge on surface B is half the difference of charges on 
both systems. So 


i=n 


0-20 


i=n 


i=2 _ ik = i=n 
o--—#--fa-Z0] x s-ar% $0- 0 


i=3 i=] 


(c) If the outer plate is connected with earth, the charge on the 


outermost surfaces will be zero. Hence, if we connect any plate with earth, the charg 


i=n 


Initial charge in plate 1 = Q 
as l flowing from the plate to earth will be }'Q.. 


i=n 
i=l 


Final charge in plate 1 = -5 Q, 
i=2 


Charge x flowing from plate 1 to earth is 


w A thin spherical shell ofradius R having 

-5 Q4+x=G uniformly distributed charge q. At the 
3 center of shell a negative point charge 

is placed as shown in figure. If the shell 


or x=Q+ 2 Q= 22 is cut in two identical hemispherical ? 
7 | Š portions by a diametrical section xy E 
5 as shown, due to mutual repulsion the 2 
aS. Gate. two hemispherical parts tend to move >= 
_ iH- $ way from each other but due to the attraction of the chars 
S tlle P at centre, they remain in equilibrium. Find the magnitude” 
“|| the charge to be place at the centre of the shell. = 
B - F E 
AW THT + Ol, Let -q be the charge to be placed at centre of t 
a 2 sae hemispherical shells. 
= ai P Here the outward electric pressure at every point of the spheti” 
el) gl ; shell due to its own charge can be given as 
T a + , 
oO l 2 
i=n l -z a: S 
= 29 de, 2€,\4mR?) 32m eR 
Due to charge -q „ the electric field on the surface of shell 8 


` 


ra eS et Se 
in 

R? 

This electric field pulls every point of the shell in inward direction 
hus inward pressure on the surface of shell due to th 
point charge at center 1s 


=oE = (= )() = — 140 _ 
BOP" lR UR?) Tore R 


Now for equilibrium of hemispherical shell or for the shell do not 
separate the condition is P, > P. 


E=k 


is negative 


9% > 
16T E&R 32m S R 


Surface tension of a soap solution is T. There is a soap bubble 
of radius r. Calculate the amount of charge that must be 
spread uniformly on its surface so that its radius becomes 
2r. Atmospheric pressure is P . Assume that air temperature 
inside the bubble remains constant. 


q 
"Oe 


Sol. Due to electrostatic repulsion the radius of the bubble 
will increase. At equilibrium the pressure inside and outside the 
bubble should be equal. 


Electric Flux and Gauss's Law 2-27 


, 4T 
Pressure inside a soap bubble of radius r is, A = R m ; 


P T 
After expansion, the pressure becomes, P, = ate 


’ 


[.. The volume becomes 8 times and temperature is constant] 


; T TP, 
Now, Excess pressure is AP = P-P = a E3 


The electrostatic stress (pressure) due to the charge on bubble, 


2 


_0 
electric 7 2E; 
o 4T 
Considering the equilibrium of the bubble, PP +AP = a 


0 


€ T 7P AT 


2e, 2r 8 2r 

o.. 3T= IP | í 3T 7P, J| 
CELA sjel a 

E r r 4 


\ H/Z 
2 E _ 
Q=o04n(2r) =167r° -o = 87r E [5 Ii; } 


2.28 Electrostatics and Current Electricity _ 


Single Correct Answer Type 


1. Under what conditions can th 


e electric flux ¢, be found 


through a closed surface? 

(1) Ifthe magnitude of the electric fiel 
on the surface. 

(2) If the total charge inside th 

(3) If the total charge outside the surface is specified. 

h point charge inside the 


dis known everywhere 


e surface is specified. 


(4) Only if the location of eac 
surface is specified. 


. If the flux of the electric field through a closed surface is 


zero, then 

(1) the electric field must be zero everywhere on the surface 

(2) the total charge inside the surface must be zero 

(3) the electric field must be uniform throughout the closed 
surface 

(4) the charge outside the surface must be zero 


3. Three charges 5 
a 2 
g, = 1x10 C, q, =2x10°C, ands x 
qz = -3x10 C have been placed / - ~ . Nyos 
as shown in figure. Then the net ( (Ap j 
electric flux will be maximum for N (3e, / 
the surface aa 
(1) S, 
(2) S, 
(3) S, 
(4) same for all three 
4. Consider the Gaussian surface that surrounds part of the 
charge distribution 
shown in figure. Then o ge P No 
the contribution to the 14 / \ 43 
electric field at point ar’) o 
P arises from charges \ 1 k 
(1) q, and q, only Fi 
(2) q, and q, only —< 
(3) 4p Fo» I and q, Gaussian surface 
(4) none of the above 
5, Charge on an originally uncharged conductor is separated by 
holding a positively charged rod very closely nearby, as 
shown in figure. i 
Assume that the pataan 
induced negative a ee, 
charge on the a S2 o-7~. ; 
conductor is equal / y “ 
to the positive adver > 
charge q on the rod. eee ee 
Then the flux 
through surface S, is 
(1) zero (2) gle, 
(3) -q/E, (4) none of these 


Exercises 


6. A thin metallic spherical 


10. 


11. 


12. 


. The electric flux from a cube of edge lis o. If an edge of th 


. A cylinder of length L and radius b has its axis coincider 


+ + | 
shell contains a charge Q on tA Q 
its surface. A point charge g, ,/ 
is placed at the center of the , 
shell, and another charge q, |) 
is placed outside the shell. 
All the three charges are + 
positive. Then the force on j 
charge q, 1S 
(1) toward right 
(3) zero 


(2) toward left 
(4) none of these 


cube is made 2/ and the charge enclosed is halved, its valy 
will be 
(1) 4 
(3) @/2 


(2) 29 
(4) 9 


. Consider two concentric spherical surfaces S, with radiu 


a and S, with radius 2a, both centered at the origin. Ther 
is a charge +q at the origin and there are no other charges 
Compare the flux ¢, through S, with the flux ġ, through $, 


(1) d, = 49, (2) d, =2% 
(3) A=% (4) 4 =¢/2 


with the x-axis. The electric field in this region is E =W 
Find the flux through the left end of the cylinder. 


(1) 0 (2) 200 xb 

(3) 100 zb? (4) —200 nb’ 

Figure shows four charges 4,, q» q? ‘ 
F 1 


q, and q, fixed in space. Then 
the total flux of the electric field 
through a closed surface S, due to 
all the charges, is 
(1) not equal to the total flux 
through S due to q, and q, 
(2) equal to the total flux through S due to q, and q 
(3) zero ifg,+9,=9,+ 9, i l 
(4) twice the total flux through S due to q and q, if 9,*° 
=437 4, 
Eight charges, 1 uC, —7 uC, —4 uC, 10 uC, 2 uC, -5 jf 
-3 HC, and 6 UC, are situated at the eight corners of ac 
of side 20 cm. A spherical surface of radius 80 cm enl 
this cube. The center of the sphere coincides with the cet 
of the cube. Then, the total outgoing flux from the sphert 
surface (in units of Vm) is 
(1) 367 x10° (2) 6842 x10 
i Zero (4) none of these 
o a of space, the electric field is give? 
7 a Ty +3k. The electric flux through a surface of 
in the xy plane is 
(1) 800 units 
(3) 400 units 


(2) 300 units 
(4) 1500 units 


| 


| 


~at, square surface with sides of length L is described by 
| ations 
een i geyshOčzsi 
T 


electric flux through the square due to a positive point 
e eq located at the origin (x = 0, y = 0, z = 0) is 


charg 
pi Oo 
(1) AE €p 
q 
4 (4) 
3) Zle, 48E 


A dielectric in the form of a 

j here iS introduced into a 
„omogeneous electric field. : 
4. B, and C are three points 4 
as shown in figure. Then 


— E 


o fe) 
B C 


(1) intensity at A increases while that at B and C decreases 
(2) intensity at A and B decreases, whereas intensity at 
C increases 

(3) intensity at A and C increases and that at B decreases 
(4) intensity at A, B, and C decreases 

15. The electric field on two 
sides of a large charged 
plate is shown in figure. 
The charge density on the 
plate in SI units is given 
by (€,is the permittivity of 
free space in SI units) 
(1) 28, 
(3) 108, 


E; =8 Vm! E = 12 Vm"! 


— 


az 


[++++++ 


— 


(2) 46, 

(4) zero 

l6. A sphere of radius R carries charge such that its volume 
charge density is proportional to the square of the distance 
fom the center. What is the ratio of the magnitude of the 


| electric field at a distance 2R from the center to the magnitude 


of the electric field at a distance of R/2 from the center? 

(1) 1 (2) 2 

(3) 4 (4) 8 

An uncharged conducting large plate is placed 
| shown. Now an electric field E toward right 


i5 applied. Find the induced charge density on 
the right surface of the plate. 


0) -e£ 


(2) € 
(3) - 2E E X 


i (4) 2E E 
` A . . . 
| i uncharged aluminum block has a cavity within it. The 
| ae 's placed in a region where a uniform electric field 
ic upward. Which of the following is a correct 
| cavity describing conditions in the interior of the block’s 
(1) ; 
| X The electric field in the cavity is directed upward. 
(3) € electric field in the cavity is directed downward. 
| ere is no electric field in the cavity. 
ay electric field in the cavity is of varying magnitude 
'S zero at the exact center. 


19. 


20. 


21. 


22. 


' i 9 
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: aR. 

Figure shows a uniformly charged hemisphere of radius 

It has a volume charge density p. If the 7A 

electric field at a point 2R, above its center 

is E, then what is the electric field at the 

point 2R below its center? 

(1) pR/6eE, + E 

(2) pR/12e, - E 
B 

(3) -pR/6e, + E ’ 

(4) pR/12e,+ E 

Four very large metal plates @ 

are given charges as shown 

in figure. The middle two | | | 

are then connected through | | 

a wire. Find the charge that | | 

will flow through the wire. | | 

(1) 5Q from A to B 

(2) 50/2 from A to B 

(3) 50 from B to A 

(4) no charge will flow 

A conic surface is placed in ; 

a uniform electric field E as / 

shown in figure such that the / 9 


field is perpendicular to the xN / 
surface on the side AB. The base De 
y 


of the cone is of radius R, and 
the height of the cone is h. The 
angle of the cone is 0. 


Find the magnitude of the flux 
that enters the cone’s curved 


surface from the left side. Do not count the outgoing flux 
(0< 45°). 


(1) ER[h cos 6+ m(R/2) sin] 
(2) ER[h sin 0+ 2R/2 cos} 
(3) ER[h cos 6+ AR sin] 

(4) none of these 


A large charged metal sheet is placed in 


| 7 a a 

a uniform electric field, perpendicularly —y» | 

to the electric field lines. After placing — » ~ 

the sheet into the field, the electric . © 

field on the left side of the sheet iS = 
, = 5 x 10° Vm" and on the right it is 

E, = 3 x 10° Vm”. The sheet experiences 

a net electric force of 0.08 N. Find the ~~! 


area of one face of the sheet. Assume 


the external field to remain constant E, 
after introducing the large sheet. Use 


( : J-9 x 10? Nm?C? 
ATE, 

(1) 3.6 mx 10°? m? 

(2) 0.9 mx 10? m? 

(3) 1.8 mx 10? m? 

(4) none 


7 


2.30 Electrostatics and Current Electricity 


27. The number of electtic field lines crossing an area 


23. A nonconducting sphere of 


radius R is filled with n, when AS||£, while the number of field lines CrOSsin i 
uniform volume charge same area is n, when AE makes an angle of 30° With a 
density —p. The center of Then È 
this sphere is displaced = a (1) n, =n, (2) n >n, 

from the origin by d. The d (3) n, <n, 


electric field F at any point 


(4) cannot say Tt 


p me edr Y 5 — 28. Flux passing through the shaded surface 
4 aie ae = of a sphere when a point charge q is T 
S S i ; 
ade E a placed at the center is (radius of the Te 
(1) £ d (2) Gd sphere is R) a, 
i i (1) g/e, (2) q/2é, 
B) Ld -’) (4) L-e) (3) q/4£, (4) zero 
3& aS) 29. A uniformly charged and infinitely long | 
24. Two nonconducting infinite plane o line having a liner charge density A is 
sheets having charges Q and 20 are placed at a normal distance y from a point pe a 
placed parallel to each otheras shown 20 O. Consider a sphere of radius R with Oas = | 
in figure. The charge distribution > the center and R > y. Electric flux through / h. 
on the four faces of the two plates the surface of the sphere is | *o 
is also shown. The electric field { 22R l 
intensities at three points 1, 2, and (1) zero (2) B ~ 
3 are E, E,.and E;, respectively. 
= =æ 2 2 
Then the magnitudes of £,, E, and 3) 2A) R? -— y? (4) ANR +y 
E. are. respectively (surface area of plates) Ep Ep 
5 
(1) zero. 2- ZETO (2) Q , zero 30. Two infinite sheets having charge densities oO, and G, & 
ES 6€S 2&8 placed in two perpendicular planes whose two-dimen 
5 0 QO Q view is shown in figure. The charges 
3) —— ees? 336.5 (4) zero, , Zero are distributed uniformly on the sheets É 
& yd 2E 2€)S in electrostatic equilibrium condition. re °] 
25. Three large identical conducting parallel 2 -Q 22 Four points are marked I, II, II, and & 
& p 
plates carrying charge +Q, —Q, and +20, IV. The electric field intensities at 
respectively, are placed as shown in figure. Atle b these points are £,, Æ, F,,and Ē,, m e ry 
If E, Ep and Eo refer to the magnitudes respectively. The correct expression 
of the electric fields at points A, B, and C, for the electric field intensities is 
respectively, then 
> Jo +o . 
(1) E,>E,>E, (2) E,=E,> E, (1) ĀE E a8, 
(3) E, =0 and E, > E, (4) E, =0 and E, = E, <E0 
26. The electric field Ē at one 2) |é|=|é,)- Nat 
face of a parallelopiped ii 2€, 
is uniform over the entire ERPE 
face and is directed out of (3) Äl=Ã1=Ã l=- 5 
the face. At th j <E 
: oppo = (4) none of these 
face, the electric field £, 
is also uniform over the 31. A positively charged sphere of radius r ~ 
entire face and is directed carries a volume charge density p (figure). j 
into that face (as shown A spherical cavity of radius n/2 is then i Gun 
in figure). The two faces Aae he and a baie p a center Ni 
f i n” ae ot ; f e sphere anc wat ot t avıty. 
ps question are inclined at 30° from the horizontal, Hy and What is ihe direction and m; niet 
E, (both horizontal) have magnitudes of 2.50104 NC | and electric field at point B? 
7.00 x 10* NC", respectively. Assuming that no other electric 7px z 
field lines cross the surfaces of the parallelopiped, the net (1) r left (2) Ph ef 
charge contained within is i. OE0 
(1) -67.5€ C (2) 37.5, C (3) 17 pr FER (4) Ph right 
(3) 105 € C (4) -105 £& C 54E 6E 


Electric Flux and Gauss's Law 2.31 


Consider an infinite ra aa having uniform linear charge (1) all the amount of charges present on both the plates 
are i : BPE APEA Gata kadia (2) all the charges present on positive plate only 
be the ettec the curved surface - o. : 
if the portions of the line charge outside the cylinder is (3) positive charge present only inside the “es alifaa 
(4) positive charge present inside the Gaussian surface plus 


equal magnitude of negative charge present on negative 
plate in front of Gaussian surface 
38. Two parallel conducting plates, each of 
area A, are separated by a distance d. Now, 
the left plate is given a positive charge Q. 
A positive charge q of mass m is released 
from a point near the left plate. Find the 
time taken by the charge to reach the right 
plate. 


= ped a 
(1) gO (2) a, 


Q 


(1) decreases (2) increases 
(3) remains same (4) cannot say 


33, One-fourth of a sphere 
of radius R is removed 
as shown in figure. An 
electric field E exists 


d 


parallel to the xy plane. Idme.A 
Find the flux through the CO (4) None of these 
remaining curved part. qQ 
(1) ARE 39. Two large plates are given the charges 10 uC 4 uC 
Q) JanR2E as shown in figure. Now, the left plate is ; F 
j Si E earthed. Find the amount of charge that f| 
(3) nRE/V2 s o . | 
É will flow from the earth to the plate. 

(4) none of these i wint 3 14 uC 

34. A spherical shell of radius R = 1.5 cm has a charge q = 20 uC Ss aig (a) M4 
uniformly distributed over it. The force exerted by one half (3) 7 uC a) Shee a 
over the other half is 40. The electric field in a region is given by 
(1) zero (2) 102 N g- Ex 
(3) 500 N (4) 2000 N 

‘ Find the charge contained inside a cubical volume bounded 
35. Th = 8 olume bound 
> p . N A shell $ E,=5 x 10° NC“, 1 = 0.02 m, and a = 0.01 m. 


charge q, as well as -%2 a 

the conducting sphere (ly 11X10 C (2) 2.2x10-"C 

$ is free to move (refer (3) 4.4x10°?C (4) 5.5x10-2C 

figure). If the system is released from rest, 41. Three identical metal plates with large =D 


(1) both S and q, move toward left surface areas are kept parallel to each 
(2) q, moves toward right while S moves toward left other as shown in figure. The leftmost 


is given 4 i St 
(3) q, remains at rest, S moves toward left plate dS Civ eT P oante? Q. oe i less : 
charge —2Q and the middle one remains 


(4 : | | 
6 ii q, and S remain at rest neutral. Find the charge appearing on the - N 
- A wire of linear charge density A passes through a cuboid outer surface of the rightmost plate. 
of length Z, breadth b and height A (1> b > A) m such a manner (1) -0⁄4 0) -20 


that the flux through the cuboid is maximum. The position of : 
the wire is now changed, so that the flux through the cuboid (3) -Q (4) -0/2 


IS mini ; f aie : l 
ee eee flux to minimum flux will 42. In the given electric field E =|ad tvit E, j Iioa; 
> ; here @ = 1 NC! hypothetical closed surtace is taken as 

2,42 JEt +n? w yi al closed surface is taken as 

(1) VP +5 VE +b the shown in figure, 
(2) L 

h h 

3) A Ey = Ey 


h 
VP +b JP +b +h 


7, . . 
consider the situation shown in 
gure. We find electric field £ at point 
Using Gauss’s law and it comes out 


lobe E = O/€,. This electric field is 
due to 


E; = (d+x)i 


aes The total charge enclosed within the close surface 1s 


Gaussian surface 


2.32 Electrostatics and Current Electricity = an 


43. An infinite nonconductt 


45. 


46. 


abc€, 5 acd £, 
(o) a D — 
(2) oes (4) none of these 
z P 


-~ 


ng sheet has surface charge density 


o. There is a small hole in 

the sheet as shown in the 

figure. A uniform rod of f 
length Į having linear charge — ft 
density A is hinged in the f à 
hole as shown. If the mass of aa 
the rod is m, then the time a4 
period of oscillation for 

small angular displacement 


~ 
~ 


a eh s 


is 
mg 2méE 
ly. 2 2, |—— 
Salle 30A (2) 30A 
a 2 ee (4) 42/72 
2 \30A 30A 


. A cavity of radius r is made inside a solid sphere. The 


volume charge density of the remaining sphere is p. An 
electron (charge e, mass m) is i. 
released inside the cavity from DN 


point P as shown in figure. The te) 45° 
center of sphere and center of "ei 
cavity are separated by a distance D / 
a. The time after which the 
electron again touches the sphere = 
is 
6/2re,m V2reym 

(1) .j—_——— (2) ,/——— 

\ epa epa 
3) |6regm (4) r€ym 

\ epa epa 
Two mutually perpendicular wire ry 
carry charge densities A, and A,. The A, 
electric lines of force makes angle = | <& 
with second wire, then /,/A, is a Bi 
(1) tan’ o í i 
(2) cova oo 
(3) sina 
(4) cosu 


A charge Q is uniformly distributed in a dielectric sphere of 
radius R (having dielectric constant unity). This dielectric 
sphere is enclosed by a concentric 


spherical shell of radius 2R and having  / 20 
uniformly distributed charge 20. f Owan) 
Which of the following graph © 8 > 
correctly represents variation of 


electric field with distance r from the 
common center? 


47. 


1. 


A charge Q, is placed at O 
inside a hollow conducting 
sphere having inner and 
outer radii as 10 m and 
11 m as shown. The force 
experienced by Q, at P is F, 


and force experienced by Q, 
when Q, is placed at O, is F. Then F/F, is equal to 


ay 
(2) (=) 


(4) none of these 


(1) 1 


kag 
(3) S| 


For Gauss’s law, mark the correct statement(s). 
(1) If we displace the enclosed charges (within a Gauss 
surface) without crossing the boundary. then both Ea 


@ remain same. 
(2) If we displace the enclosed charges without crossings 


boundary, then E changes but ġ remains the same. 


(3) If the charge crosses the boundary, then both E ai 
would change. 
(4) If the charge crosses the boundary, then @ changes & 


E remains the same. 


2. Consider Gauss’s law: -~n S 
fE d4 e 
E S @ | 
ie ee, ya] 
Then, for the situation shown in figure \ | 
at the Gaussian surface Ra 
(1) E due to q, would be zero 
(2) E due to both q, and q, would not be zero 
(3) @ due to both q, and q, would not be zero 
(4) ġ due to q, would be zero 
3. Consider a Gaussian spherical surface k 
covering a dipole of charge q and —q, then o0 | 
(1) qp = O (net charge enclosed by the N j 
spherical surface) ` 
(2) @ „= 0 (net flux coming out the spherical surface) | 
(3) £= 0 at all points on the spherical surface d 
sph” 


(4) PE -ds =0 (surface integral of over the 
surface) 


D 


Un 


ON 


—I 


o0 


“4, A 10 . 


oe 


an 


C charge is given to a 


ae 


conducting spherical shell, 

_3 C point charge 1s placed inside the shell. For this 
ngement, find the correct statement(s). 

vite charge on the inner surface of the shell will be +3 C, 

and it can be distributed uniformly or nonuniformly. 

9) The charge on the inner surface of the shell will be +3 C, 

and its distribution would be uniform. 

(3) The net charge on the outer surface of the shell will be 

~ 47, and its distribution can be uniform or nonuniform. 

(4) The net charge on the outer surface of the shell will be 
+7 C, and its distribution would be uniform. 

Two large thin conducting plates with 

a small gap in between are placed in a 

uniform electric field E (perpendicular to 

the plates). The area of each plate is A, and pR 

charges +Q and —Q are given to these plates “| | 

as shown in figure. If R, S, and T are three | 

points in space, then the 


oh 
os 


(1) field at point R is E 
(2) field at point Sis E 


ar 
Ey A 


2 
AE, 


(3) field at point T is 


(4) field at point S is G + 


. Charges Q, and Q, lie inside and outside, respectively, of a 


closed surface S. Let E be the field at any point on S and ¢ be 
the flux of E over S. 


(1) If Q, changes, both E and @ will change. 

(2) If Q, changes, E will change but @ will not change. 
(3) IfQ, =0 and Q, +0, then E #0 but d= 0. 

(4) IfO, #0 and Q, = 0, then E = 0 but + 0. 


.Figure shows a point charge of > z | 
0.5 x 10% C at the center of the /( 73 om i3 \ 
spherical cavity of radius 3 cm ofa \ \ 4 / or 
piece of metal. The electric field at CEE EEO 
(1) A (2 cm from the charge) is 0 
(2) A (2 cm from the charge) is 1.125 x 10” NC” 

(3) B (5 cm from the charge) is 0 
(4) B (5 cm from the charge) is 1.8 x 10° NC” 

A right circular imaginary cone is AD 


shown in figure. A, B, and C are 

the points in the plane containing / 

the base of the cone, while D is 

the point at the vertex of the cone. 

E, Qp $.» and @, represent the 
ux through the curved surface of the cone when a point 

charge Q is at points A, B, C, and D, respectively, then 


D $,= $,=0 (2) $,=0 
8) te (4) o,= $= %=9 
Eo 


al 


A thin-walled spherical conducting shell S of radius R is given 
charge Q. The same amount of charge is also placed at its 
center C. Which of the following statements are correct? 


2.32 


mu 


Electric Flux and Gauss's Law 


Ss, the charge density 1s Q/2 mR’. 


(1) On the outer surface of ean 
(2) The electric field is zero at all points insi e 7 we 
(3) At a point just outside S, the electric field is dou 


field at a point just inside S in the cavity. 


(4) At any point inside S (i.e., within its cavity), the electric 


field is inversely proportional to the square of its distance 
from C. 
10. 4, B, and C are three large, 4 _ 
parallel conducting plates, placed | 
horizontally. A and C are rightly 


fixed and earthed (figure). B Boassen 
is given some charge. Under - M 
electrostatic and gravitational r 


forces, B may be = 
(1) in equilibrium if it is closer to 
A than to C 
(2) in equilibriurn midway between A and C 
(3) B can never be in stable equilibrium 
(4) in equilibrium if it is closer to C than to A 


11. An insulating spherical shell of 
uniform surface charge density 
is cut into two parts and placed 
at a distance d apart as shown 


| 
1 
1 
1 


in figure. E, p and E, denote 
the electric fields at P and Q, 
respectively. As d (i.e. PQ) > 


(1) | Ep |>| Bo | 2) |Ep|=|Eo| 


(3) | Ep |<| Eg | (4) Ep+E =0 


12. Figure shows, in cross section, two Gaussian spheres 
and two Gaussian cubes that are centered on a positively 
charged particle. Rank greatest first, and indicate whether 
the magnitudes are uniform or variable along each surface. 


Pai OE Se 
es 3 l | 
i gN | \ 
e Sg ïi 
d S i, 
S à | 1V 
a | 


J 


(1) net flux through all the four Gaussian surfaces will be equal 
(2) the magnitudes of the electric fields on the surfaces (i) 
and (iii) will be constant 


(3) the magnitudes of the electric fields on the surfaces (ii) 
and (iv) will be variable 


(4) the magnitudes of the electric fields on all the surfaces 
will be constant 


13. Figure shows four Gaussian surfaces consisting of identical 
cylindrical midsections but different end caps. The surfaces 
are in a uniform electric field that is directed parallel to the 
central axis of each cylindrical midsection. The end caps 
have these shapes: S, convex hemispheres; S,, concave 
hemispheres; S,, cones; S, flat disks. Rank the surfaces 
according to (a) the net electric flux through them and (b) 
the electric flux through the top end caps, greatest first. 
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< 


E N 
k 
S, S, 


(1) net flux through all the four Gaussian surfaces will be 
equal 


Sy 


(2) the electric flux through the top end caps will be equal 
(3) the electric flux through the top end cap S, is greatest 
(4) the electric flux through the top end cap S, is greatest 


14. Figure shows a neutral metallic sphere with a point charge 
+Ọ placed near its surface. Electrostatic equilibrium 
conditions exist on metallic sphere. Mark the correct 
statements: 


Plane that divides Spherical 
Gaussian surface Pt ik ie T P 


Pad `< Gaussian surface 
in two halves / , `, 
ty \ 
p , = 
v \ J ! 
` of a 


I 
1 
1 
' 
\ \ 
\ \ 


$ 


-7 


Neutral metallic surface 


(1) Net flux through Gaussian surface due to charge Q is 
Zero 


(2) Net fiux through Gaussian surface due to charges 


appearing on the outer surface of metallic sphere must 
be zero 


(3) if point charge Q is displaced a little towards metallic 
sphere, magnitude of net flux through right hemispherical 
closed Gaussian surface increases. 

(4) If point charge Q is displaced towards metallic sphere, 
charge distribution on outer surface of sphere will 
change l 

15. A and B are semi-spherical surfaces of radius r, and r, 

(r, >r,) with E, and E, as the electric fields at their surfaces. 
Charge q, is placed as shown. What is the condition which 
may be satisfied? . 


qo \ 
a 


<— > 


f 
/ (rr,)/2 
i. 


(2) H#rH=E£,£, 


Oe ay ae nl 


16. A non-uniform electric field E = (5xi + 3j) N/C goes 
through a cube of side length 2.0 m. oriented as shown 
Then, 


A A 
E = 5xi+ 3j 
= -> X 


Nm 
(1) flux through face CDEF = 60 


Nm? 
(2) flux through face ABCD = 60——— 
Nm? 
(3) flux through face ABGH = 20— 
2 


Nm 
(4) flux through face EFGH =12 


C 
For Problems 1—4 


Gauss’s law and Coulomb’s law, although expressed in differ 
forms, are equivalent ways of describing the relation betwe 
charge and electric field in static conditions. Gauss’s law: 


| Linked Comprehension Type 


ED = Ganc’ when q,,,, 1s the net charge inside an imagna 
closed surface called Gaussian surface. 


o=hE-dA gives the electric flux 
through the Gaussian surface. The le E 


two equations hold only when the net 
charge is in vacuum or air. 


1. A Gaussian surface encloses two of the four positiv 
charged particles. The particles that contribute to the elec? 
field at a point p on the surface are 
(1) 4, and q, 


(2) q, and q, 
(3) q, and q, 


(4) q, 45. q, and 4, 
. The net flux of the electric field through the surface is 
(1) due to q, and q, only 
(2) due to q,and q, only 
(3) equal due to all the four charges 
(4) cannot say i 
. The net flux of the electric field through the surface due 
and q, is j 
(1) zero (2) positive 
(3) negative (4) cannot say 


If the charge q, and q, are displaced (always rema"! 


outside the Gaussian surface), then consider the follo! 
two statements: 


A: + Mirin K á P ; wW 
E lectric field at each point on the Gaussian surface 
remain same. 


B: The value of DE-d4 i" 
. E-dA f ‘an surfac? 
remain same. $ or the Gaussian 


Pa 


Mo 


(1) poth A and B are true. 

(2) Both A and B are false. 
(3) A is true, but B is false. 
(4) B is true, but A is false. 


or Problems 5—6 

cube has sides of length L. It is placed with one corner at the 
origin (refer to figure). The electric field is uniform and given by 
je-Bit Cj — Dk, where B, C, and D are positive constants. 

g, The flux passing through the different surfaces (match the 


table) is 


- 
k 


S1 
(Left side) L 


(1) (i, p), (i, r), (iii, 0), (iv, q), (v, n), (vi, m) 
(2) (i, r), (ii, p), (iii, q), Giv, n), (v, m), (vi, 0) 
(3) (i, m), (ii, n), (iii, o), (iv, p), (v, q), (vi, r) 
(4) (i, r), (ii, q), (iii, p), Gv, 0), (v, n), (vi, m) 
6. The total flux passing through the cube is 
(1) (B + C + D) L (2) XB+C+D) P 
(3) 6B + C + D) L? (4) zero 


For Problems 7-9 
A spherical conductor A contains 
2 spherical cavities as shown in 
San i total charge on conductor 
“1 IS zero. However, there is a 
a q, at the center of one 
ihe. laa q, at the center of the 
fas ne Another charge q, 1s 
= at a large distance r from the 
er of the spherical conductor. 
1, Which of the following statements are true? 


(1) Charge q, applies a larger force on charge q, than on 


charge q.. 


(2) Charge q, applies a smaller force on charge q, than on 


charge q,- 
(3) Charge q, applies equal force on both the charges. 
(4) Charge q, applies no force on any of the charges. 
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8. If q, is displaced from its center slightly (being always 
inside the cavity), then the correct representation of field 
lines inside the same cavity is 


(1) ee (2) 


(3) There will be no field lines inside the cavity. 


(4) 


9. The force acting on conductor A will be 


q3("+ g) 
(1) zero (2) a 
(2) Bath) (4) BAF BB+ 


For Problems 10-12 

Two spherical cavities of radii a and b 
are hollowed out from the interior of a 
neutral conducting sphere of radius R. At 
the center of each cavity, a point charge 
is placed. Call these charges q, and q,- 


10. Match the table. 


(1) (i, o), (ii, n), (iii, m) (2) (i, n), (ii, o), (iii, m) 
(3) (i, m), (ii, o), (iii, n) (4) G, n), (ii, m), (iii, 0) 


11. The electric field at a distance r outside the conductor is 


(1) l 4 
Ane, r? (2) zero 
l dat % 1 
(3) j a li 
Ane r @) Ane, r° 


12. The electric field inside the cavity of radius a at a distance r 
from the center of cavity is 


(1) l da 1 qa 
ANE, r2 (2) — An, a 
1 
Eu (4) 
MEy re Zero 
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For Problems 13-14 7 


Positive and negative / \ 
charges of equal magnitude o —— ` | 4-2 — 
lie along the symmetry axis \ LN 

of a cylinder. The distance Right 


from the positive charge to 
the left-end cap of the cylinder is the same as the d 
the negative charge to the right-end cap. 

13. What is the flux of the electric field through th 


istance from 


e closed 


cylinder? 
(1) zero (2) +0/€, 
(3) +20 /é, (4) —O/e, 
14. What is the sign of the flux through the right-end cap of the 
cylinder? 


(1) Positive 
(2) Negative 
(3) There is no flux through the right-end cap. 


For Problems 15-16 

There are two nonconducting - 
spheres having uniform volume < 
charge densities p and —p. Both a 
spheres have equal radius R. 
The spheres are now laid down such y 
that they overlap as shown in figure. 
Take d = OO,. 

15. The electric field £ in the overlapped region is 


(1) non-uniform (2) zero 
Ps -P 3 

3) —d 4) —d 

(3) 38 (4) 36 


16. The potential difference AV between the centers of the two 
spheres for d = R is 


OE; (2) Le 
3E Ey 
(3) zero (4) Pe 


For Problems 17-19 

Three metallic plates out of which the 

middie is given charge Q as shown | 

in the figure. The outer plates can be 

earthed with the help of switches S, 

and S,. The area of each plates is the S> 
same. Answer the following question 
based on the given passage. 


QQ 


17. The charge appearing on the outer surface of extreme left 


plate is 
(1) —(Q/2) (2) (Q/2) 
(3) Q (4) -9 


18. The charge that will flow to the earth when only switch S is 
connected to the earth is 
(1) -(Q/2) (2) (Q/2) 
(3) Q (4) -Q 

19. The charge that will flow to the earth through S, when both 
the swi :< S, and S, are grounded simultaneously is 


——— - A 


(2) -Q a 
(4) O/4 


(1) Q 
(3) 3Q/4 
For Problems 20-22 


Acharged particle is sus 


spherical charged shel ) 
Figure (a) shows cross section of the arrangement. Figut | 


i er | 
gives the net flux @ through a oe a rit d oh ‘ 
particle, as a function of the radius r of the sphere. 


pended at the center of two thin conce 


Is, made of nonconducting Mater 
laj 


A Shell A AA Ks 
Charged ye A v 
particle | r \ E 
í Z 
\ a’, © 
Q es A = 
(a) 
20. What is the charge on the central particle? 
(1) 0.2 uC (2) Zuc 
(3) 1.77 pC (4) 3.4 uC 
21. What is the charge on shell A? 
(1) 5.31 uC (2) —5.31 uC 
(3) —3.54 uC (4) -1.77 uC 
22. In which range of the values of r is the electric field zen 
(1) Otor, 


(2) r tor; 
(3) for r> 7, 
(4) for no range of r, electric fieid is zero 


For Problems 23-25 


Two nonconducting plates sien A 
A and B of radii 2R and ~ ve Bi 
. --7\ | 
4R, respectively, are kept at / da R| PR | 
. s i =T} --4--| AT 
distances x and 2x from the \ R/ >54. (J | 
. \ , 7 R a \ 
point charge q. A surface 57 Z omen 
cutout of a nonconducting a 


shel! A is kept such that its 
center coincides with the point charge. Each plate and sphet™ 
surface carries surface charge density o. 


23. If F, Fp and F, are the forces on plate 4, plate B,* 
spherical surface C due to charge q, respectively, then 


() £, =F, =F, (2) F< ESF, 
(3) fh, oe, (4) F,=F,>F, 
24. If @, is flux through surface of B due to electric field % 


| 


and @, is the flux through 4 due to electric field of 3: th 

(1) 6, = 9, (2) ¢>4¢, 

(3) o,< 4, (4) It depends on x and : 
25. Ifdistance x and radius R are doubled so that F, becomes fi 

F, becomes Fy, then the correct option is i 


-F> F (2) Fi >F, 
(3) Fy > F5 (4) none of these 


— — Electric Flux and Gauss's 


Law 2.37 


Peers, ae E ae 
roblems 26- s | | Alin 
r on jarge parallel disks of charge have their centers on ia | Column | : Column 
pe nd their planes perpendicular to the x-axis. The disk that l F | a £ 
axis 8 if iti i. Net flux through S, T 
; sects 2 = -R has uniform positive surface charge density | | 0 
Oe disk that intersects x = +R has uniform negative surface | 20 
0. ; i th S b. -— 
charge density —9. | ii. Net flux through S, é, 
! — (i) —* | iii. Net flux through $, c. zero 
| on: a a O - | l 
iv. Net flux through S, d. nonzero 
m \ 2. Inside a neutral metallic spherical shell, a charge Q, is 
a (iv) < placed, and outside the shell, a charge Q, is placed. 
(iii) O Gi 
f Which graph best represents the plot of the x-component of oa | Bo. 
the electric field vector on the x-axis? J 
(1) Q) (2) (ii) pe 
(3) (iii) (4) (iv) S SSeS 
37. Which graph best represents the plot of the electric potential ee oe Column | | Column II 
(1) as a function of x (treating V= 0 at x = 0)? i. If Q, is at the center of the a. Electric field inside the 
(1) @) (2) (ii) , shell shell remains seid 
3) Gü) ee) ii If Q, is not at the center of b. Electric field inside the 
For Problems 28-30 the shell shell remains nonzero 
or Ree OOOO f 
Three uncharged conducting large plates are placed parallel to iii. If the position of Q, is c. Electric field inside 
each other in a uniform electric field. changed within the shell changes 
27 keeping Q, fixed 
Pay z i | H -— = E — ee 
| | | iv.If the position of Q, is d. Electric field outside 
| | | | | changed outside keeping changes 
Fil T Ae inside at any pit | . 
1 1 3 | | 4 siig 3. Four large parallel identical conducting plates of area 4 are 


I | | L | arranged as shown in figure. The charges on each plate are 
given in the figure and the separation between the plates is 
d (d is very small). The surfaces of the plates are numbered 


28. Find the induced charge density on surface 1. 


(1) gE (2) -EE (1), (2), ---» (8). 

(3) zero (4) can’t be found 40 o 0 10 
29. Find the induced charge density on surface 4. | i 7 i 

(1) £E (2). = 8E 

3) ZETO (4) can’t be found dd) 112) @) (4) (5) (6) DD W 
30. Find electric field at a point P in the region between the plates. 4 | 

(1) E towards right (2) E towards lett (ee | een | ee 

(3) zero (4) can’t be found a a 


| Column | 3 7 Column Il 7 | 
Matrix Match Type i i. Surfaces having charges of a. land 8 


the same magnitude and sign 
- Consider three point charges -2Q, + Q, and -Q and four 


| ee al fonac ‘ ‘ we Ree Da S 
closed surfaces S,, Sy 8, and S, di, Surfaces having positive b. 3 and 5 
3 charges 
a | | m T 
ff / ) iii, Uncharged surfaces c. 2and3 
è -20 | a MEL RE a a 
Pr ) | m ` 
/ | K A | iv, Charged surfaces d. 6 and 7 
S. KESA roe 
\ | | eg Js 4. The axis of a hollow cone as shown in figure is vertical. 
íl Pi Its base radius is R. It is kept in a uniform electric field E 
all parallel to its axis. 
fi 
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Neutral 
E ~<a” conductor 
} 


Fo ae 


a ed ee 


Column| um 
ji a. distribution of chatg 


i. If we displace the inside 
charge, 


' 
Pr PETET PAE 
1 


a eal 


B: 


‘te x4 -i ; f Å E ‘ . -n ne 
ii. If we displace the outside | b. distribution of charge 

charge keeping the inside the inner surface of i 
charge at center, conductor is nonunifon 


iii. If both the charges are | ¢. distribution of charge , 
displaced, the outer surface ofp 


base of cone 


ii. Magnitude of flux through 
curved part of cone 


RE 
ko 


iv. If outside charge is not | d. distribution of charge g 
present and inside charge the outer surface of 4, 
is at center, 


2 
| iii. Magnitude of flux through | ¢. zero 
| curved part MNOP of 
cone 
| iv. Net flux through the entire 


| cone 


d. non zero 


Numerical Value Type 
@72 ' , 


5. A conducting shell of inner radius 
R, and outer radius R, is given a 
charge +0. A point charge q, is 
placed inside the shell and q, is 

placed outside the shell. Then for 
various locations of q, and q,, 


1. The electric field in a region is radially outward wi 
magnitude £ = ar. If a= 100 Vm” and R = 0.30 m, then 
value of charge contained in a sphere of radius R centred: 
the origin is W x 10° C. Find W. 


2.7 tuall erpendicular i l 
match the entries of Column I with ; pas py oe . y f 
. infinite wires along x-axis and 
the entries of Column II. : ae a 
Se y-axis carry charge densities A, 2 MP 
a Columni and A,. The electric line of force O\/ m 
i. Ifg, is at center and q, = 0, at P is along the line y = x/¥3, = A, | 
then E at center of shell due where P is also a point lying on 
to charge on outer surface the same line. Find 4/4.. 
of shell is 3. Figure shows, in cross section, se 
li. Ifq, is not at center and q, is two solid spheres with uniformly 
at distance r from the center, distributed charge throughout their OAR 
then E at the inner surface | b. ———*2—— i nt E 
a we ATE (rR Y volumes. Each has radius R. Point EE: | 
of shell (at a point closest to P lies on a line connecting the 
q,) due to charge on outer l ` 


centers of the spheres, at radial 
distance R/2 from the center of 
sphere 1. If the net electric field at point P is zero, and Q,” 
64 uC and Q, = 8 xuC, what is the value of x. 


surface of the shell is 


‘iii. If q, is at center and q, is at | €. zero 
distance r from the center, 
then E at a point distant Z 


4. It has been i 
(> r) from the center of the Observed th ee v t dS 
Shell due to outer surface : at the electric E a Ae 


charge is field in a large region 


rae EA of earth’s atmosphere is 
iv. If q, is not at center and |d. cannot be 


t l directed vertically down. 300° 
q, = 0, then E at point P| determined At an altitude of en m i V ni 
(P is at distance r from q, electric field is 60 Vm At E, = 10075 dS wes 
ae to Pa the inner an altitude of 200 m, the field 
surlace ot shell 1s MESE is 100 Vm '. The net amount of charge contained in the cult 
6. For the situation shown in the figure, match the entries of of 100 m edge, located between 200 m and 300 m altitud?” 
Column I with the entries of Column II. found to be n x 10° 


£ C. Find the value of n. 


> 


5. 


LiL 


Electric Flux and Gauss's Law 2.39 


A point charge Q is located on the 
axis of disc of radius R ata distance b 
fom the plane of the disk. If one 
fourth of the electric flux from the 
charge passes through the disk, then 
R=vo b (as shown in figure). Fill 
the space o. 

ç and S, are two hollow concentric 
spheres with charge q and 2q. Space between S, and S, is 
filled with a dielectric of dielectric constants. 


The ratio of flux through S, and flux through S, is K'. Then 


ry 


9K 
find the value of = ie 


JEE MAIN 
Single Correct Answer Type 


1. 


o 


Let P(r)= 2 z” be the charge density distribution for a 
T 


solid sphere of radius R and total charge Q. For a point p 
inside the sphere at distance r, from the centre of the sphere, 
the magnitude of electric field is 


1) 0 (2) 
( Aner 
2 2 
a) 2 - (4 2 - (AIEEE 2009) 
47e,R ITER 


. Let there be a spherically symmetric charge distribution 


. 5 
with charge density varying as p(r)= Pp (2-2) upto 


r= R, and p(r) = 0 for r > R, where r is the distance from 
the origin. The electric field at a distance r (r < R) from the 
origin is given by 


(1 er (3 r a) Pr (37) 

E7 3 R 4e,\3 R 

(3) rfs r (4) pr 55) 

36, \4 R 3€,\4 R 
(AIEEE 2010) 


«Ina uniformly charged sphere of total charge Q and radius 


R, the electric field E is plotted as function of distance from 


the centre. The graph which would correspond to the above 
Will be 


at], | vi 


R r —> 


Archives 


7. Consider a uniform charge distribution with charge density 


2 C/m? throughout in space. If a Gaussian sphere has a 
variable radius which changes at the rate of 2 m/s, then value 
of rate of change of flux is proportional to r, (r = radius of 
sphere). Then, find the value of k. 


(3) (4) 
ia a 
R p —> R r—> 
(ATEEE 2012) 


. This questions has Statement 1 and Statement 2. Of the four 


choices given after the statements, choose the one that best 

describe the two statements. 

An insulating solid sphere of radius R has a uniformly 

positive charge density p. As a result of this uniform charge 

distribution there is a finite value of electric potential at the 

centre of the sphere, at the surface of the sphere and also at 

a point outside the sphere. The electric potential at infinite is 

Zero. 

Statement 1: When a charge ‘q’ is take from the centre of 

the surface of the sphere its potential energy changes by 

gp/3é, 

Statement 2: The electric field at a distance r (r < R) from 

the centre of the sphere is pr/3é, 

(1) Statement | is true, statement 2 is true; statement 2 is not 
the correct explanation of statement 1. 

(2) Statement 1 is true, statement 2 is false. 

(3) Statement 1 is false, statement 2 is true. 


(4) Statement 1 is true, statement 2 is true, statement 2 is the 
correct explanation of statement 1. (AIEEE 2012) 


. The region between two concentric 


spheres of radii ‘a’ and ‘bd’, 
respectively (see figure), has volume / | 
charge density p= A where 4 is a 


p 
constant and r is the distance from 
the centre. At the centre of the 
spheres is a point charge Q. The 


value of A such that the electric field in the region between 
the spheres will be constant, is 


2.40 Electrostatics and Current Electricity — B 


qa) 2. 2) one -a) 
2a” 
20 4 22 (JEE Main 2016) 
(3) m (a? E b?) Ta 


JEE ADVANCED 
Single Correct Answer Type 


1. A disk of radius a/4 having 
a uniformly distributed charge 
6 C is placed in the xy plane _ 
with its center at (-a@/2,0,0). 
A rod of length carrying a 
if » distributed charge 
ae ne on the x-axis from x =a/4 to x =5a/4. Two 
point charges —7 C and 3 C are placed at (a/ 4,-a/ 4,0) and 
(-3a / 4.3a / 4,0), respectively. Consider a cubical surface 
formed by six surfaces x =+a/2, p=ta/2, 2=ita7/ 72, 
ctri K is cubical surface is 
The electric flux through this are 


(1) -2C/e, (2) 2Cle, 
(3) 10C/e, (4) 12C/e, 

2. Three concentric metallic sphericai shells of radii R, 2R, and 
3K are given charges QO, Q, and Q,, respectively. It is found 
that the surface charge densities on the outer surfaces of the 
shells are equal. Then, the ratio Q, : Q, : Q, of the charges 
given to the shells is 
(1) 1:2:3 

(3) 1:4:9 


(2) 1:3:5 
(4) 1:8:18 
(IIT-JEE 2009) 
3. A uniformly charged thin spherical shell of radius R carries 
uniform surface charge density of o per unit area. It is made 


of two hemispherical shells, held together by pressing them 
with force F. F is proportional to 


Poo 

» £ a 
> | F 

kegel” 
(1) —eR? 2) ter 

4 E 

| o lo 
3) = —— is ci 
(3) E R (4) aR 


(IIT-JEE 2010) 
= Ex, where £ is a constant. 
shaded area (as shown in the figure) 


4. Consider an electric field E 
The flux through the 
due to this field is 


Z 
eee 


! 
l 
j 
l 
l 
l 


= 


re 0,00) (Qa) 


(2) V2E,a" 


(1) 2a E a’ | 
4) —= (UT-JER 
(3) Ea’ 9 PR 201) 


f the following statement(s) is/are correct? 


c field due to a point charge varies aș m 
then Gauss’s law will still be valiq, 


5. Which o 
(1) If the electri 
instead of r° lid. 

(2) Gauss’s law can be used to calculate the field distributi, 
around an electric dipole. | | 

(3) If the electric field between two point charges T " 
somewhere, then the sign of the two charges is the Same 


ternal force in moving a tin 
4) The work done by the ex . a ul 
a positive charge from point A at potential V, to point By 
potential V, is (V, — V,). 

(IIT-JEE 2011) 
6. Charges Q, 2Q and 4Q are uniformly distributed in thre 
dielectric solid spheres 1, 2 and 3 of radii R/2, R and% 
respectively, as shown in figure. If magnitudes of the electri 
fields at point P at a distance R from the centre of spheres; 

2 and 3 are E £, and E, respectively, then 


P fo 
P, A) A ' Pr 
A R / ÎR ; R 
a( X) 20, § 40 
"= RID ke J S 
Ai na 7 5 “aR 
Sphere 1 Sphere 2 Sphere 


(1) E,>E,>E, 
(3) E,>E,>E, 


(2) EFE ZE 
(4) £,>E,>E, 
(JEE Advanced 20 
7. The figure below depict two situations in which iW 
infinitely long static line charges of constant positive it 
charge density A are kept parallel to each other. In te 
resulting electric field, point charges q and ~g are kept! 
equilibrium between them. The point charges are conînè 
to move in the x-direction only. If they are given a sm 


displacement about their equilibrium positions, then ° 
Correct statement(s) is (are) 


(1) Both charges execute simple harmonic motion. 
(2) Both charges will continue moving in the direction ' 
their displacement. 
x TPR a iË 
(3) Charge tq executes simple harmonic motion W" 
hapaa . : . i ; f it 
charge ~¢ continues moving in the direction o 
displacement. 
pi | 
(4) Charge ~q executes simple harmonic motion w 
charge +q continues moving in the direction ° 
displacement. 


A 
(JEE Advanced 20h 


o 


; : 


Multiple Correct Answers Type 
| L 


w 


Qao 


a. 
Consider 


(2) 
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a uniform spherical eae 

distribution of radius R, 4 RA i 

the origin O. In this / NX a 

qjstribution. a spherical cavity of | 

radius R; centred at P with distance 

op = 4 = R, — R, (see figure) is 

made. If the electric field inside the 

cavity at position 7 is E(7 ), then the 

correct statement(s) is(are) 

1) Eis uniform, its magnitude is independent of R, but its 

direction depends on 7 

Ẹ is uniform, its magnitude depends of R, and its 

direction depends on 7 

3) Ē is uniform, its magnitude is independent of a but its 
direction depends on a 

(4) E is uniform, and both its magnitude and direction 
depends on 4 (JEE Advanced 2015) 


charge 
centred at 


A cubical region of side a 

has its center at the origin. 

It encloses three fixed point 

charges, —q at (0, —a/4, 0), + 

3q at (0, 0, 0), and —q at (0, 

+a/4, 0). Choose the correct 

option(s). 

(1) The net electric flux * 
crossing the plane x = +a/2 is equal to the net electric 
flux crossing the plane x = —a/2. 

(2) The net electric flux crossing the plane y = +a/2 is more 
than the net electric flux crossing the plane y = —a/2. 

(3) The net electric flux crossing the entire origin is q/E,. 

(4) The net electric flux crossing the plane z = +a/2 is equal 
to the net electric flux crossing the plane x = +a/2. 

(IIT-JEE 2012) 


- Two nonconducting solid spheres of radii R and 2R, having 


uniform volume charge densities p, and p,, respectively, 
touch each other. The net electric field at a distance 2R from 
the center of the smaller sphere, along the line joining the 
center of the spheres is zero. The ratio p) /p, can be 


(1) 4 (2) -32/25 

(3) 32/25 (4) 4 (IIT-JEE 2013) 
- Two nonconducting spheres of radii R, Pee, ee 
and R, and carrying uniform volume p -p` 
charge densities +pand-p, respectively, ( ( R ) 
are placed such that they partially overlap, \ al \ 7 


as shown in the figure. At all points in 

the overlapping region, 

(1) the electrostatic field is zero 

(2) the electrostatic potential is constant 

(3) the electrostatic field is constant in magnitude 


(4) the electrostatic field has same direction 
(IIT-JEE 2013) 


* Let E (7), E,(r) and E,(r) be the respective electric fields at a 


distance + from a point charge Q, an infinitely long wire with 
constant linear charge density 2 and an infinite plane with 


. A point charge +Q i 


1. The electric field E is measured 


uniform surface charge density O. If E,(r,) E (r, ) = &; (ro) 


at a given distance rp then 


A 
(2) ae 


(4) E, (2) = 4E, (2 


(JEE Advanced 2014) 


(1) O=4onn 
i 
(3) E, (2) =26, (2) 


s placed just outside an imaginary 
hemispherical surface of radius R as shown in the figure. 
Which of the following statements is/are correct? 


-Ọ, 


(1) The circumference of the flat surface is an equipotential 
(2) The electric flux passing through the curved surface of 


. . Q ( \ ) 
the hemisphere is -——| |-—= 
S 2Ep y3 


(3) Total flux through the curved and the flat surfaces is PS 
0 


(4) The component of the electric field normal to the flat 
surface is constant over the surface 
(JEE Advanced 2017) 


. An infinitely long thin non-conducting AZ 


wire is parallel to the z-axis and carries a A 
uniform line charge density À. It pierces a 
thin non-conducting spherical shell of ( 


` 
A 


radius R in such a way that the arc PO Mo 
subtends an angle 120° at the centre O of l 
the spherical shell, as shown in the figure. i 
The permittivity of free space is €, i 
Which of the following statements is 


(are) true? 
(1) The electric flux through the shell is V3RA / Ey 
(2) The z-component of the electric field is zero at all th 
points on the surface of the shell 
(3) The electric flux through the shell is V2 RA / A 


(4) The electric field is normal to the surface of the shell at 
all points 


(JEE Advanced 2018) 


Matrix Match Type 


at a point P(0,0,d) generated due 
to various charge distributions 
and the dependence of E on 
d is found to be different for 
different charge distributions. 
List-I contains different relations 
between E and d. List-II describes ~ 


different electric charge distributions, along with their 


locations. Match the functions in List-I with the related 
charge distributions in List-II. 


2.42 Electrostatics and Current Electricity 


— List-1 
le ist 
| is 
P. independent 
| | of d 


Asmall dipole with point charges 


Q. Ex 1 Q at (0.0. and — Q at (0.0, — N. 
a Take 2 / << d 

3. An infinite line charge coincident 

l Ys ; l ii 
R.| Be — with the x-axis, with uniform 

i i linear charge density À 
i 4. Two infinite wires carrying uniform 
S.| E~ 


linear charge density parallel to 
the x-axis. The one along (y = 0 
z= /)has a charge density + / and 
the one along (v = 0, z = — /) has 
_— o y o a charge density — /. Take 27 << d 
5. Infinite plane charge coincident 

with the xy-plane with uniform 
_ surface charge density 


(1) P-5:Q33.4:R>51:S8352 
D P—-5;Q>53;R >51,4:S352 
(3) P>5;Q->3;R>51,2;S34 


(4) P>4;Q52,3;R518355 


Numerical Value Type 


A solid sphere of radius r has a charge Q distributed in its 
volume with a charge density p= kr“ where k and a are 


. An infinitely long solid cylinder 


P 


constants and r is the distance from its centre. cI the € elec 
ficld at r = R/2 is 1/8 times that at r = R, find the value ect, 
Co, 


(IIT-JER 
; 2 
of radius R has a uniform volume 


charge density p. It has a spherical 
cavity of radius R/2 with its center 
on the axis of the cylinder, as shown 
in the figure. The magnitude of the | TRS 
electric field at the point P, which is 
at a distance 2R from the axis of the 
cylinder, is given by the expression 
23pR/l6ke, . The value of k is 


(JIT-JER 201) 


. An infinitely long uniform line charge distribution , j 


charge per unit length I lies parallel to the y-axis in the z 


3 
plane at z= 4, (see figure). If the magnitude of the fiy 


of the electric field though the rectangular surface m 
lying in the x — y plane with its centre at the origin is 4 


(€, = permittivity of free space), then the value of x 


(JEE Advanced 2915 
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Matrix Match Type 
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2. i. + b.; ii. — b.; iii. — b. c., IV. > pe. 


Teeth 
PPS Rast ops atts 


ve [4 i 


NRO NeuustRAriON 3.1 
INTRODUCTION 


ncept of potential energy was introduced in mechanics z ie 
The concep Find the work done by an external agent in slowly shifting a 


in connection with conservative forces such as the gravitational , A ie 
force and the elastic force exerted by a spring. By using the charge q = 1 uC in the electric field E=\0'i Vm" from the 


law of conservation of energy, we can avoid working directly point P(1, 2) to Q (3, 4). 
with forces When solving problems in mechanics. The concept of 
potential energy is also of great value in the study of electricity. Sol 
Because electrostatic force 1s conservative, the electrostatic field is 
phenomena can be conveniently described in terms of electric a ; i 
potential energy. With this idea, we can define a scalar quantity We =-q| E- dl=-qf (Ei): (dxi + dy j) 
known as electric potential. Since the electric potential at any A 
point in an electric field is a scalar quantity, it can be used to i -qÍ E dx = —gE(x,— 4) = (10°) (3-1) =-2 «1075 
describe electrostatic phenomena more simply than by relying i 
only on electric field and electric forces. 

The potential is characteristic of the field only, independent of mae 
a charged test particle that might be placed in the field. Potential -Acharge particle q = 


|.) The work done by the external agent against the electric 


Oh 


ANARE 


—10pC 7 
energy is characteristic of the charge-field system due to an is carried along OP o | 
interaction between the field and a charged particle placed in PỌ and then back to O AAD 
the field. along QO as shown in / Å 
figure, in an electric field x 


WORK DONE TO MOVE A CHARGE B=(x+2y)i+2x7. Find 
IN AN ELECTROSTATIC FIELD ceived had O a 


agent in (a) each path and 

Let us consider an arbitrary electric field due to any charged (b) the round trip. 

object. If we move a test charge +q from position | to position 2 

‘see figure) in this electrostatic field, at each position of the test ‘Sol. 

ante it will experience an electrostatic force Fi, = qE. To (a) W= -gfé a= -alf Eat jE dy) 
ve the test charge slowly, we must pull it against the electric : 

force ( field) with a force Fa =-q4 E, opposite to the electric field 


Sol. | Work done by an external agent in an electric field 


In Path O — P: Since the displacement is along the x-axis for 


£. The work done by the external agent in shifting the test charge the path OP, . 
long the dashed line from 1 to 2 is Wosp= -qÍ E dx =-(-10x 10° Ji (x +2y)dx, 
2- - 2 a = 24 = MAES 
Won | Fa dl = f (-gE)- dl =-q| E-dl where v = 0 
; or =Wo,p=+20x10°J 


In Path P > Q: Since the displacement is along v-axis for path 
PQ, a? 

f =z- Be =—— 9/9) veda 

Weg af E,d, = aef; vd Leilene x=2 


= -2(-10x lO) uv =80X 10°] 


In Path Q > 0: Since the displacement 
dl = dxi + dv) along QO, 


, , f ) 
Woo: a | Rd Ed) -qf (V+ 2y)dv + 2xdy 


Wag fz dl in transporting the tent 


0 0 
ee o EET. A 
charge q slowly from position 1 to position 2in q p (v2 y)dy + 2j, xdi | 
the static clectric field 4 


3.2 Electrostatics and Current Electricity 


where the equation of the path QO is given as y =x 
or 0 re ae | 
Woo =-q p (x + 2x) dx + 2f, J d) "I 
-3x 
3r, 27.27 lant oof -4] 
itepe 
= —100 x 10%] 


(b) Then, the total work done in the round trip is 
W=W, p+ g" Poa” 0 


In the above example, d E- dl = 0. Hence, the field is conservative 


and static. 


2 
E#0 


A uniform electric field is 
present in region 2, whereas 

it is dropped to zero abruptly. H 
in regions 1 and 3. Is this 
electric field conservative? 


toe 
Ios 


Sol. The closed line integral of E in the loop abcda is 


————— ty) 
ty 
CBee ee ee le 
a es 
Y A 
iQ po 
SN by I 
oa!l------þp---0 
ty 
| 
© 
>) 


Since Eidi fomdtoaad bt. 


qd, , d 
Since E = 0 in region 3, fea! = | Edlcosé 
' Cc C 

=[E dl=Eh(#0) 


Since $E. d 1 #0, the given field is non-conservative. 


POTENTIAL AND POTENTIAL 
DIFFERENCE 


POTENTIAL 

We know that in slowly bringing a point charge from point | to 
point 2, the work done by the external agent is independent of the 
path followed by the charge, which can be given by 


ext — 


W. -- qf Edi 
. 


If we choose the initial point at infinity and the final point Ma 
the above expression will be i 


P k 
Wo =-qfE di 


we can see that W, „will be different for different values Of the ey | 
charge. This means that even though you perform the same Wor 
in bringing a test charge from infinity to any point P followin 
different paths, you will have to do different works in bringin 
different test charges. However, if we take the ratio Wda, tha | 
is, work done per unit test charge, we will get a constant quantity 
which can be defined as “potential at the point P” denoted by 
V. It is a constant quantity for a given point. Hence, it is a poin 
function (like electric field) that may vary with positions, The 
“potential V’ characterizes an electric field as a scalar function 
in addition to “field strength E” as a vector function. Hence 
potential field is a scalar field. 


O Infinity 
] 


The potential at any point P is given by 


= -|E dl. which is equal to the external 


work done per unit positive charge in shifting slowly 
from infinity to this point. 


The potential at any point P is given by 


Wexr (2 — P) _ 
q 


P 
V = JE-d 
Then, the field expression for potential is 


i 
Vp=-|E-dl 


oo 


J 
| 


The potential at any observation point P of a static electric felt 
is defined as the work done by the external agent (or negativ? 
of work done by the electrostatic field) in slowly bringing a u 


Laas point charge from infinity to the observation point. 
he potential at a point is more if the external agent does m0 


work to shift the charge from infinity to the given point and vit 
versa. In this way, we define potential as the external work dot 


by unit charge or roughly potential energy per unit charge. 


f 


pue to a Point Charge 


on of a potential 
the expression 


| atential 
qhe definiti 


From oo 


© P ja fe. dlcos 8 
| ya [eda JP deo 


—dr) 0 l 
P 


_ jas 
1 ANE)” 


Q 
A : 
4R" l 
if hr o™ ba 
It pap oo, V0. | | 
. || \ 
gence, | varies hyperbolically. \ 
ito is positive. V is positive < —- 
and vice vena. 
a 


The electric field in a region is given by E =i Write 


an expression for the potential in the region assuming the 
potential at infinity to be zero. 


B 4s Z= 4/x, potential in the region is 


Potential Due to Collection of Charges 
Discrete Charges 

Following the principle of 
superposition of potentials as 
“scribed in the last section, 
“us find the potential V due 
“ á collection of discrete 
point charges g , PE E at 
4 point P. i 


Ag We know the , 
A tential at 
Point P ig j 


The potential at P due to the system 
of point charges is given as the sum 
y of their individual potentials at /’, 
i LV | q, 
ihes Fega 
eK=y= A and ensins — 
ATE, y” 
r iş anai 
ets Magnitude of the 
mon vector P relative to q, Then 


í, 4 
ye! y4 | 
4 | 
NE, lpi — r 
If the positi F| 
| Biven fr ions of the charges are | 
figure) "a fixed origin O (sce | 
Put } =F -F to obtain | 
O 


= Electric Potential 3.3 


y- yl 


“AME |F-F] 


CONTINUOUS CHARGES 


For continuous charge distribution 


_ | (%4 
Ane," F 
where r is the position of the point p from elementary charge 
dq. Put 
dq = pdv (for volume charge) 
=odA (surface charge) 
= hdl (line charge) 
| ¢pdv ae 
V= — |= (for volume charge distribution) 
ANE F 
= me cd (for surface charge distribution) 
ANE F 
1 ca os Head 
sace n (for line charge distribution) 
ATE, r 


where p, o, and A may be a function ofr. 


Three charges q, = 1 UC, q, = -2 uC, and q, = -1 uC ae 
placed at A(0, 0, 0), BCL, 2. 3.) and C(2, -1. 1). Find the 
potential of the system of three charges at P(1,—2.—1). 


If 7, is the position of P from the charge, its potential 
y= di 
I = 
ATE |rp -7 | 


Then, potential at P due to charge at 4 ts 


V = vi 


WE X1WX9 9x10 
(i — 27 —k) — (Oi +0) +0) (6 
Similarly, 
—— 
AME y |p — Fh | 
2xlO°x9x lo 
s x : : 3 x iy" 
(i -2p-—k)-(-i +2j + My ale 
V, fy 
Amey |r | 
10 xXx 10” 9 
. n — = -m X AV 
i- 2?2j-k)- Qi- 7 +k) J6 iia 
ie Aa ee ie Pie De lk 
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3,4 Electrostatics ant em 


Two point charges Q, and Q, v 
lie along a line at a distance | 
from each other. Figure shows _g, 
the potential variation along | k 


the line of charges. At which 
of the points |, 2, and 3 is the 
electric field zero? What are 


the signs of the charges Q, and | iki 
O, and which of the two charges 1S greater In magnitude? 


The electric field vector is zero at point 3. As~d V/dr = E, 

the negative of the slope of V verus r curve represents the com- 
ponent of electric field along r. Slope of curve is zero only at 3. 
Near positive charge, net potential is positive and near a negative 
charge net potential is negative. Thus, charge Q, is positive and 
Q. negative. From the graph, it can be seen that net potential 
due to the two charges is positive everywhere in the region 
left of charge Q,. Therefore, the magnitude of potential due to 
charge Q, is greater than that due to Q,. Therefore, the absolute 
value of charge Q, is greater than that of Q.. Secondly, point 1, 
where potential due to two charges is zero, is nearer to charge 
Q. thereby implying that Q, has greater absolute value. Also, 
potential is zero at 2, which is toward right of Q,, as we know 
that potential is zero at an outside point toward the side of charge 
smaller in magnitude. 


Two electric charges 
g and —2g are placed 
at a distance 6 m apart 
on 2 horizontal plane. 
Find the locus of point 
on this plane where the 


potential has a value 
ZETO. 


‘< 


—————- 6 m ——1 


Sol If point P is at a distance r, from poi 
point charge +q and 
from charge —2q (figure), then ii 


an ER $4 ed 
ANE | N Fs 
According to the problem, V, = 0, i.e., 
g z= 24 = () 


h P 


or n= 2r 
, anal) 

But if the charge g is assumed to be situated at the origin, then 

2 _ 3 5 i , ” ` 

=x +y andr, =(6-x) +y 
So substituting thes 7 me 

g these values of r, and r, in Eq. (i), we get 
(x+2) +y =16 


aaa 


————— 


———— ne 


POTENTIAL DIFFERENCE pe” 


The difference in potentials 
between any two points 1 and 2 
can be defined as the work done 


by an external agent in slowly / F | 
Wif . i ed A N e i pe 
shifting a unit positive charg F 
between these points (from 1, y yi oa gig 
to 2). as 
Pan | 
Wext(12) ut Vow V, o oo 
q a Potential difference betweenany 
two points 1 and 2 is AV= Min 
where j | which is equal to the work done byan 
| external agent in slowly moving the 


€ unit test charge from | to2. 


Woxt(12) =~ | E. dl 
l 5 o 
o Wy-W(eAv)=-JE 
] 
If W.,, > 0, V,> V; point 2 is at higher potential than point | 
If Wa = 0, V,= "3 point 2 is at same potential as at point |, 


LW <9, ave point 2 is at lesser potential than point | 


POTENTIAL DIFFERENCE INA UNIFORM ELECTRIC 
FIELD 
V,-V,=-E- AB 
> = |E| |AB| cos 0 
= —|E|Ax = — EAx 
where Ax is the distance 


between A and B along 
electric field. 


We can also say that 
|E| = AV/Ax. 


Line AB is parallel to electric | Line AB is perpendicular i 


field. A | electric field. 
Y ET 
A B A’ 
: _e E : Av E 
K,- V= EAx V,- V50 
and V,- V, =-EAxy F V= V 
is | = 7 = f a i 
= eS — O O O OO ŘŘĖĖ 

Important Points: 


Some i 
E hs rile points on Gauss’s law are as follows: 
a = ` apilan of electric tield, potential always decres™ 
otentis erence of potential between two points iS ° 
potential difference. It is also called voltage 


Potential differ i 
erence A. Ng a s „l$ 
volt. e is a scalar quantity. Its S.I. uniti? 


If V an 
, and V, are the potential of two points A and B, 4 


work done b ; 
Mtoe p oae by an external agent in taking the charg? 4 


UA = aV; — V) 


ý 


(Wadia qV- Vs) (i) | 


1 areference between two pol see 
potential ae points 1s independent of 
e onl. 


aferent E ee. ‘ian 

wer at a point is 1n fact potential difference between 
, Po sotential at the point and infinity. 

he Pm electric field AV = V,- V, = -E ; Al 


In unit 
The «potential at the point P™ in electric field 


> 


E a 
[Edr 


W (2 > P) 
ee 


J r q be 
The “potential difference between two points” in electric 
field 
e2 
v 
y 
"0 
/ 
J-P- 
TARN 


y,-V,= 


2 X V2 A 
EAS (Jase ajea] 
g X; Vi d 


Lg ea 


i uC charge is shifted from A to B and it is found that 
work done by an external force is 40 uJ in doing so against 
-lectrostatic forces then, find potential difference V,- V, 


‘Sol The potential difference between two points in electric 
field 


W_(A—> B) = 
a4 >B) _ 40x10" _ soy 
q 1x10 
Hence V,-V,=-40V 


i <x. electric field is present in the positive x-direction. 
e intensity of the field is 5 N/C then find the potential 


difference ( V, — V,) between two points A (0 m, 2 m) and B 
(5 m, 3 m). 


h, 


S d The potential difference between two points in electric 


V-V, ato. Ja non {ij E, w+] E, 7 


1 
3) Lp a 
N a~V,=—-E, Ax =~E_.(x, —x,)=—5.(5-0) = -25V 
ternate: 7 
tection Sh field is constant and present in the positive 


Yy y. Hence we can write directly 
BV Ss 
4 E,.Ax=~E, (x, —x,)=—5.(5-0)=-25V 


Electric Potential 3-9 


An electric field is expressed as E=(2i +37) V/m. Find 
V) between two points A and 


ven by r,=(i+2J)and 


the potential difference (V, — 
B whose position vectors are gi 
r, = (21+ j+3hk)m. 


The potential difference between two points in electric 


vy Va Zp 
herms f E, dx+ | E, dy+ | E, dz 
X4 YA Z4 


= -(E,.(xp ~x,)+E, (Ys —y,)+ E..(Z5 Za )) 


= —(2(2-1)+3(1-2))= -(2-3)=1 V 


Hence, V,—V,=-! V 


of 


Find the potential difference V’,, between A (0, 0, 0) and 
B (1 m, 1m, 1 m) in an electric field: 
(b) E=(3x yi + <j) Vm” 


(a) E= tx NVa 


i NAN 
(a) As dV =-Ē -dr . 
Here E= (yi + xj) Vir! and dr=dxi +dyj+ dzk 
Hence, dV = {yi +x): (dxi + dyj + dzk) 
= — ydx + xdy =—d(xy) 
[Using multiplication rule of derivative] 
(0,0,0) 
Vyg=- | dy)=-bo ler =V 
(1,1,1) 
(b) As dV =fĒ-dr, 
E= —3x yi +x°/) and dr=dxi+dyj+ dzk 
dV = —Bx' yi +x J): (dxi + dyj + dzk) 
Hence, dV = —(3x° ydx + xdy)=—-d (xy) 


[Using multiplication rule of differentiation] 


(0,0,0) 
3. __7.3.,7(0,0,0) _ 
J d(x y) =- vlan =} V 
(1,1,1) 


Z = — 
VF 


Uniform electric field of magnitude 100 Vm™`' in space is 
directed along the line y = 3 + x. Find the potential difference 
between points A(3, 1) and B(1, 3). 


Sol. | Equation of the line 
y=3 tx. 
The slope of line 
tan 0= | or 0=45° 
We can express electric filed in vector form 
E=100 cos 67 +100 sin 0} (Vm'') 


3.6 Flectrostatics and Current Electricity 


Electric field E= \E | (cosOi +sinð j) 


. 100: 100 =j 
p=- i+ (VM ) 
2 v2 


i 


—— 
— 


Ap= ABSA, - T= ( 


_ 
= 


r43) -6i +j)=-2i +2j 


-100/2 + 100V2 
| y,-V,=0 


EQUIPOTENTIAL SURFACE 


For a given charge distribution, locus of all points or regions 
for which the electric potential has a constant value are called 
equipotential regions. Such equipotential can be surfaces, 


volumes or lines. 
The easiest equipotential surfaces to visualize are those that 


surround an isolated point charge. 


7-19 
ATE, r 
Thus, wherever r is Equipotential 
surface 


the same, the potential 
is the same, and the 
equipotential surfaces 
are spherical surfaces 


centered on a point 
charge. There are an infinite number of such surfaces, one for 


every value of r, and figure illustrates equipotential surfaces of a 
positive point charge. The larger the distance r, the smaller is the 
potential of the equipotential surface. Here, it can be observed 


that V, > V, > V7 V » i.e., the electric potential decreases in the 


direction of electric field. 
The equipotential surface must be perpendicular to the 


electric field 
The potential difference between two points in electric field is 


B , 
given by V, -V, = -| E-d r 

A 
In an equipotential surface, V, =V, hence, E-dr =0. It means 
the equipotential surface must be perpendicular to the electric 
field: 


Equipotentia] Equipotential 
surface surface V, >V, 
a Mtn i A 
| | | l i I ) < A 
Í | ai — 
rT i > E — =| 
i Se Ge ee ES nate 
— a a on oe aot 
= as TE a a a Ss á 
V, V, V, V, V, V, gap 


Potential difference between two 
equipotential surface 
(V> V)=Ed 


Electric potential decreases in the 
direction of electric field. 
p? y> V,> Pa y? A 


We know that the directio 


ae eee — 


| 


n 
n of the electric field just outs 


an electrical conductor is perpendicular to the conducto 
surface, when the conductor is at equilibrium under electrostay 
conditions. Thus, the surface of any conductor 1s an equipotent | 
surface under such conditions. In fact, since the electric fly 
is zero everywhere inside a conductor whose charges a 
in equilibrium, the entire conductor can be regarded ag a 


equipotential volume. 


"Important Points: 


e Lines of force always 


| perpendicularly. 
| e No two equipotential surfaces can intersect each other 


Because if they do so, then at the point of intersection, her 

| are two values of electric potential, which is not possible. 

e A charged conductor of any shape is an equipotentia 
surface. If it were not so, there would be a flow of chag 
from one end to another along the conductor. 

e Equipotential surfaces are crowded together in a regiontt 
strong field whereas they are relatively far apart where i 
field is weak. 

* Ifa charge is moved from one point to the other over 2 
equipotential surface work done will be zero as 


Wis =4(Va-V,)=0 {as Vs =V} 


intersect an equipotential 


¢ Work has to be done to move a charge from one equipotesi 
| surface to another. 


a 


m ee 


ANS EAR iN 
Following figure shows equipotential surfaces. What is th 
direction of electric field £ at P and R? 


20V 
EAA V -0V 


: ous . ? atl 
Sol. Electric field lines are perpendicular to the equipo™ í 
surfaces and point in the direction of decreasing potential- 


electric field E is to the left and at R, E is upward. 


¢ 


j 


} 


uipotential surfaces are shown in Fig. (a). D 
ding field lines and estimate the field Seng i : 


correspo” é 
pointa where the distance between the surfaces is 4 cm 
gv 6y 
ai cmi; i 
ro 'b a?! 
bog A 
: ' ib \ 
(a) (b) 


The field lines are perpendicular to the equipotential 
urfaces as Shown in Fig. (b). 
inthe vicinity of a, the surfaces are nearly flat, and so, in order to 
estimate the field strength, it is a reasonable approximation to use 
y-V,=E-d 
g V-V%  8V -6y 


o Ez- = 50 Vm” 
. d 4x10°m m 


TE 


The figure shows two points A 
and B separated by 4 cm along 
the lines of a uniform electric 


field E = 500 V/m. A T a 
(a) The potential difference —————>— 
(V,-V,)=? 


(b) If the potential at A is 50 V, 
then the potential at B =? 


(a) The electric field of lines and equipotential lines are 
perpendicular to each other. The figure shows the 
equipotential lines passing through A and B. Potential 
decreases in the direction of electric field, hence. Here 
(V,-V,)= Ed is the distance between equipotential lines. 


Equipotential lines 
V> Fi 


V,~V,)= Ed =50x- ==> V, -V, =20V 


(b) 50-V, = 20 = V, =30V 


ae E Electric Potential 3.7 N 


tft 
ay 
{ 
nl 
n \| 
| 
j 


In the uniform electric field shown in figure, find 
(a) The potential difference 


—— 
V, = V A® eB 
cal | _ 
(b) The potential difference ee =a) 
kaeti Corm”? 
A p Lt 


(c) The potential difference V,- V, | 
(d) The potential difference V,- V, | 


om fy The potential of point A and C should be equal as the 
points lies on the line which is perpendicular to electric field lines 
of force called equipotential line. And similar statement is true 
for the points B and D. 


ii V, 


ı Im 


! V >r, ! 
Equipotential lines 


Hence, V,- V,= V,- V=0 


As electric field is uniform, V,- Ve 7 keer 0 =—EAx 
=—20 x 1 =-20V 
Hence, Vj- k~ Fam f 0=20V 
IAN 3 ; 

(a) A circle is drawn with centre as a B 
charge +q. What is the work donei AINN 
moving a charge +q from B to Calong / \ž 
the circumference of the circle? E 3 : A 


(b) In the above question, if the charge +q 
is first taken from B to 4 and then from — `~- 
A to C, on which path, the magnitude € 


of work is greater. 


(a) Points B and C lie in equipotential surface. 
Change in potential while moving from B to C along 
circumference will be zero. 


(b) As Wa- Vil Wes Fy 


/ 
B 


and (V, V)=Oand (V, Vy>o 


And we know the work done by external agent, 

os = q (l o A 

Hence the work done from 8 — A is positive. And the 
work done from A > C is negative. 


Also same amount of work will be done, LM Fi | 


| (a) ‘Approach 1: The potential difference ee two Poing 


P and R in electric field as, V, -Vk = — “È dl 


A uniform electric field 
of magnitude 325 V/m is 
directed in the negative y 
direction in figure. 
The coordinates of point 4 
are (—0.2 m, —0.3 m) and 
those of point B are (0.4 m, 
0.5 m). 


As electric field is constant, | 
po > =? @P E > > 4 
v, -7 =-Í, E.dl=-E.f, d=-E(7-7) | 


V, -V, = -E.Al = - E.Al.cos(180°— 8) 


Calculate sa _ potential | 
difference V,- V, along the path shown in the figure. | AT > 
\o|P N, 
a BE ales 
k . ‘ ey PE | 
(Sok) The potential difference between two points 4 and B tn “Sem in 
electric field as. l -r,=-fE dr l . “AE 
A 
Here the electric field is constant ,here we can write the potential eee eae 
difference between points 4 and B as Here, A/= PR=5cm=5 ~ 10 
y -y =-[E(x ~x )+ EO, -¥ )] Hence, P= 1, accueil 10% (—cos 37°) 
5 A x\"B A vi B 7A -2000 x5 Ž=80 V 
= —| (—32 sz , 
L eS i 0.39} Approach 2: Given, 
ee E = 2000cos37° —2000sin 37° j = (1600: —1200j)Nic 
=V,—-V,=+260V Hence, 
V, -V,=-f E.dl = -| E(x; —x_) + E, (e —Fa)| 


Alternate: We can draw the equipotential lines passing through 
4 and B as shown in figure. As potential decreases in the direction a en [1 600(—5 x 102)]=80 V 
of electric field, it means the potential of point B must be greater -. J 

than the potential of point A. Here the separation between the 
equipotential lines passing through A and B is 0.8 m (0.5 m+ 0.3 m) 


Approach 3: We can draw the equipotential lines passt 

through P and R as shown in figure. As potential decreas 

and electric field is 325 V/m. in the direction of electric field, it means the potential i 
point P must be greater than the potential of point R 


The potential difference between two equ:poiential 


el dete WoL 
im 0.4|m, 0.5 mh) | |V, -V| = Electric field x Al 
(0.5-0.3)=0.8m—~1/) | å vr ‘al 
— quipotentia 4 
o] ha lines 
i a EL E ee ee ee ee 
(0.2 m, +-0.3,m) | i 325 V/m | 
vvyY Yv y VOLE 


Hence the potential difference between A and B should be 
V,-V, = Ex Ay =325x0.8=260V 


A uniform field of magnitude | EAA e Ea i ann 
E = 2000 N/C is directed 0 = 37° f Hence V, —V, = 2000.(4x 107) = 80V | 
below the horizontal, ; ow 6 ; ; 7 
Find: ain X (b) As V, -V =80V and we are given V, = 500V 
(a) The Potential difference jane ra c> x Hence, V, = 500V +80 V = S580 V | 
between P and R (V, - V,). i . ri i | 
(b) If we define the reference level "Ea | ONGEPT APPLICATION EXERCISE © | 
of potential so that potential at 4 4 I. Are we free to call the potential of earth +100 V i 
R is V, = 500 V, what is the | of zero? What effect would such an assumption hav? i 
potential at P? | measured values of 
| (a) potentials (b) potential difference? | 


D 


SO 


a Electric Potential 3.9 


| 


a ee 


ee . 
= that if at some part of a field the lines of force have 
| }. salt of concentric circles \ oot N i 
| é y - so _ ~ —p 
i centers are at point O (as NT TARE ei 
a a the field OA | 
ven 1 figure), Kg EAT Sia ces | 
sensity at each point in thispart —~—-_“~ ae ‘ 3 | 
Pat be inversely v | 
ne field should be inverse") O - ; TPA 
of ‘onal to the distance from (a) Find the external work done to move a -2 uC charge | 
propor’ 0 at constant speed from A to B along the path shown. | 
> oin bs g n +? > 1 | 
a carry out the integral of the m (b) Find the work done by the electric field. | 
| 1, J - = n dii i | 
` lectrice field f Ē-al for a closed IN 12. y a from ei | 
p ( n “Jec , . 
j ik s shown in figure [E os a KES +14 Ven Equipotential | 
path like ea pe d efecte field line, IOT Ay 
he integral will always be equal to cid } the electric field N ae 
zero, independent of the shape of | gye does 4.8 x 10” J a H 
he path and independent of where of work on an Sa To 
be located relative to electron in the C 


charges MAY 


he path. Explain why, Ean field illustrated in o 
4, Acharge 2 uC is taken from infinity to a point in an electric figure. What are the differences in the electric potential” 
` peld, without changing its velocity. If work done against Find 

electrostatic forces 1s —40 uJ, then find the potential at that (a) The potential difference V,—, 


int. se gd oy 
Wien charge 10 pC is shifted from infinity to a point in (b) The potential difference Ve~ P, 


an electric field, it is found that work done by electrostatic (c) The potential difference Vo- Vs 
sorces is 10 uJ. If the charge is doubled and taken again 13. A charge q, is transported from , 
som infinity to the same point without accelerating it, point A to B along the arc AB + 
hen find the amount of work done by electric field and with centre at C as shown in es ; 
: : jy ; 
against electric field. figure near a long charged wire +| -~ j g i 
6. A charge 3 pC is released at rest from a point P where with linear density à lying in = 
electric potential is 20 V. Find its kinetic energy when it the same plane. Find the work M ae 
reaches infinity. done by external agent in doing B 
7, Find out the following: go): 
D | 14. The graphical variation 5 
. ; ofelectric potential due ' 
: Uniform electric i a chans d 
TL “5 field F= 20NC" o point charge q, an 
C 5 q, lie on x axis at some x 
ee ee separati ond. is shown 
cee i “the origi 3 : 
son? in figure. If the origin 
is the point between the He d —> 


charges where potential 
(a V -yV _ ; _ ‘ i x K NE 
ifar (b)V,-V. Ore r is zero. Distance of q, from origin is d 4. Find the distance 


® r-r; (e) V,—V,, | of point P (marked in figure) trom charge q.. 
(f) Arrange the order of potentia! for points A, B, Cand D. ANSWERS 
8. Find Vin an electric field B=(2) +37 +4k)NC". 4.-20V 5.20 ul 6. 60 w 
EP E" B > A wh 7.(a)0.4V (b) 04V c) —0.8V l 
where 7 =(i-2j+k)m and R= (2i + f—2k)m ae a 0.8 5 ae =F 
9. At a point due to a point charge, the values of electric 8. —1V 9. (a) 8/9 x 10°C l b) 0 Š CO D 
field intensity and potential are 32 NC” and 16 IC”, ma COPS | 
respectively. Calculate the 10. W = Fe —O,) 11. 20 Wd | 
(a) magnitude of the charge, and a. | 
i k distance of the charge from the point of observation. i qa | 3 d | 
+ IWO uni v 7 ane cheets Ș ¢ ' having D aaa MS 
uniformly charged large plane sheets 5, and $, having 2ne, \2 l4. get | 


C oe , 
harge densities S and 0,(0, > 9) are placed at a distance 


d parallel to each other. A charge q, is moved along a ine | 
parallel to each other. A charge q, is moved alongaline | FINDING ELECTRIC FIELD FROM 


a a (a < d) at an angle 45° with the normal to S 

alculate the work done by the electric field 

11. y the electric neld. ELE 

The figure shows field lines and equipotential (dashed) ELECTRIC POTENTIAL 


es. 
t 


——— 
in 


3.10 Electrostatics and Current Electricity eal 


(i) 


equipotential 
surfaces 


stance ds from one equipotential 
tion between the surfaces has been 
lacement ds makes an angle 0 


A test charge g, moves a di 
surface to another. (The separa 
| exaggerated for clarity.) The disp 
"with the direction of the electric field E. 


We can write 


(ii) 


E cos 0 =- 
cos is 


E cos 9 is the component of E in the direction of ds 


iii) 


We write E and ds in terms of their components 


E =iE,+ jE,+kE, and ds =idx + jdy + kdz. 
Then we have 
-dV = E,dx + E,dy + E,dz 


Suppose the displacement is parallel to the x-axis, so dy = dz= 0. 
Then -dV = E dx 


or E,= -( x) 
dx y,z constant 


where the subscript reminds us that only x varies in the derivative; 
recall that V is in general a function of x, y, and z. But this is 


just what is meant by the partial derivative ov The y- and z- 
ox 


components of E are related to the corresponding derivatives of 
V in the same way, so we have 
ƏV 
E, = = E, = V. E, = ——— 
ox dy ` oz 
(components of £ in terms of V) 
o en states: The negative of the rate of change of 
a Pa NA ae in any direction is the component of £ 
ction. The minus sign implies that Æ points in i 
direction of decreasing V, : pore a 
The electric field intensity in uniform electric field 
AV 


where AV is the potential differen 
the effective distance between the two 
displacement along the direction of ele 


ce between two points. Ad is 
points (projection of the 
ctric field). 


—————— SCO” 
i uniformly from 120 V tog, | tii 
tric otential decreases n i 08) 
Bs REE Aa on the x-axis from x=-l cm to x +lom, Wha 
i, be said about the electric field at the origin. 
The relation between electric field and potential jg ig wi 
E dV 
as, E, =- 
— dr 
dV and E, = i 
We say E, sas y ay | | 
The electric potential along x-axis changing uniformly hence, 
the component of electric field along x-ax1s. N 
fi! 
| - 0-120) 4 | 
eae) _ AT aes La ) Ma d 
" w ~” 6). (1-(-1)) 2 
E 
ais | E =|E|=cos 0 =1em 
| Ecos@ |= 20 V/cm 
As |cos@ |< 1, hence E may be equal to or greater than 20 Via 


The potential at any point is given by V= x(y" — 4x"). Calculate 
the Cartesian components of the electric field at the pomt 


) Here V = x(y’ —4x’), so 


a ee 2_4x? 
i oxox L 
=-[y* =12x°] 
or E =[l12x°-y°] 
Similarly, 
se ao gO? a 
: deut ad 
or = “oe —4x°]=-2ay 


E = e 
- = 0 because V does not depend upon the z-coordinate. 


Som i i F 
e equipotential surfaces are shown in figure. What cal 


you say about t nt nin 4 
field? £ ji 3 magnitude and the direction of the elect" 
‘(cm 


~ 40V rs 
0 ae \30° i 30° \30° Fa 0° | 


40 x(cm) 


paul 2 _ Ax”), so Here we can say that the elec- 
oh p s perpendicular to equipotential surfaces. Also 
feld 


El" ad 
y= potential difference between two equipotential 
whet? surfaces. 
Ad = perpendicular distance between two equipotential 
surfaces. 
0 5 
EE T = 200 Vir"! 
JEI= Go sin 30°) x 10° 
here are OVO perpendicular directions (1 or 2) as shown in 
Le put since WE know that electric potential decreases in the 
re. 


pel ne electric field, so the correct direction is 2. 
diret 


2y 10V 20V 30V 40v 
Ay sar 
yiem) € SLF 
A $x j 
AXA rF OS 
ee fa SN 
j 30 J40 xem) a, 
O A r= 10 sin30°=5 cm 
90° 
/\30° 
10 cm 


dence. E = 200 Vm, making an angle 120° with the x-axis. 


Determine the electric field strength vector if the potential of 
úis field depends upon x- and y-coordinates as: 
(a) V=a(x2-y’) and (b) V= axy 


(a) AsV=a(x2-y’), 


oy 
= =—— = — 2_ y? = —2ax 
: ox r) a= 
9V 
and E, =— uA = +2ay 
dy 
E= Ei + E,j = —2axi + 2ayj = —2a(xi = yj) 
b) As y= axy, 
9V 
E cee E 
x a Y 
and Ean C eni 
P, dy 


A 
. 


E=E,i+ E, j= -ayi - axj = —a(yi + xj) 


a) Fi : 
É = the field intensity if potential V = -xy (k> 0). 
raw the field pattern of the field in (b). 


(a) The field intensity 
nd OV i OV j 


È=- -> 
Ox oy 


2 Cy? - 2 lay = kD 
Ox oy 


b) B=Ei+8,j=bi + kyj 
or B= ky and £, = kx 
Then, 


(slope of lines of force) f 
ay 2% Ak 
de y _\ L [a >x 

or ydy = xdx J Py 

or y?—x? = constant Vigan 3 

Hence, the field pattern iS . io 

hyperbolic (as shown in 

figure). 


Ni 


3 J ya 
ASB. -C-D E; and Q are | ai o a M 
points in a uniform electric i | | we 
field. The potentials at these an ae 2 
points are V(A) = 2N; VF bo] | 
V(B) = V(D) = 5 V, and o2m| i a o] 
V(C) = 8 V. Find the electric yia kisi] 
field at P. a hoaa 
| 
=" x 
| 02m | 


Method I: The component of electric field in x-direction is 
p AV Won Val Asv 


X 


Ax (02) 0.2 
Similarly, 
AV, -M-d _ -i 
E na E o S: C = -15 V -} 
V Ay 02 Ti 


Hence, electric field E=Ei+ Ej= -15i -15 ) (Vm) 
Method II: The points B, P,and D Equipotentiats 
have same potential; hence, these 
points will lie on same equipotential | T 
surface. The separation between LEL 
two equipotentials is |o] 
AP =0.1x V2 m 
(5 — 2) 
E| =— 
V2 


5 <2 = 152 Vw! | 
Ep, = 1sJ2 Vi! 


Direction of electric field | 
Here 7 


E = 1S¥/2.cos 45° (~i) + 15V2 sin 45° (-j) 
=-15i) —15j Vm"! 


ape -in x lane are given b 
. Flectricity ee ‘nw wt jal curves in x, Y P . y Vs| 
3.12 _Electrostatics and Curent ter — 3. The a 4 where V is potential. Draw the rony, 
pty ‘roc jn x-y plane. 
jlivstRation 3:26 Fig. (a), find sketch of electric field lines in x-y pla 
. i i . , S i Fog 
; rical e uipotential lines in Ue sJectric field VA aE 
Referring to the spherica q 4. Auniform elec | i YA pri 
i ay ane as i 2 y 
- — pattern - axjsts in xy p'a l # Ce 
= Fh ) E pa CX , “ ‘ p” \: ‘ 
CMe shown in figure. Find a oe BN 7 
10V the potential e Cr a ee 
ii a A D a ae 
J + g E lines between origin ia A KO a 
‘ We Ad, d, 9). - ne 
x jal in a z / : 
. \ alts i H> patines 5, Electric potential s 
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(b) ( and l: le if it is released at (1, 1, 1), 


(a) 


acceleration of the partic 


“sok” p ANSWERS A 
(a) For the first equipotential |a 27 - 3j +k 2. At B 
| 


1 Ë . 
; E PG) 24 44 
60(V) x (mm) =6Vm 3. Ed (cos 0+sin0) 4/4 (x-2 +) 
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For the second equipotential Me ae 


20 
30(V) x —(m) =6Vm 
ee ELECTRIC POTENTIAL ENERGY 
For the third equipotential 
60 | Let us move the charge - ieee p 
LAA > om q, from a to b in such moves from a to b oft 
: it is always along radial line 7 
We can understand that the product of potential (V) and a wa. that ta aa ; y from q. a” y è 
radial distance (r) of equipotential lines [as in Fig. (b)] is maintained in equili rium - 7 j 
equal to 6 Vm''. Hence, general relation of potentia! (7) (i.e., it is moving with d7 j 
and radial distance (r) can be written as uniform velocity). This pf = J 
6 is possible if we apply Sear’ 
á = Mm a force F on the charge fE Fa 
= a a ice that is equal and opposite ae ey 
Since E =—(0V)/(ar)r, substituting V = 6/r, we have q PP war. Fj 
to qE at every point ay // 
z--2(-° svym along its path as shown Pe 
or\ r in figure. The force F = = 
is the ahire Test charge q, moves along a smag™ 
~ 6, | daha = i j MEY -Go line extending radially from charge ¢ 
o E= a Vm from accelerating when As it moves from a to b, the disme® 
g moving from a to b. The varies from r, to r,. __ 
(b) Since E is directed in r-direction and obeys inverse work done by the force 
square law, E must be outward [as gone in Fig. (c)]. in the electric field is stored as potential energy (the situate? 
oe above E-ficld must be caused by a positive point is analogous to the motion of a particle in gravitational field) 
Beis : 
MER: Thus, we may conclude that, a charged particle placed in # 
electric field has potential energy because of its interaction with 
CONCEPT APPLICATION EXERCISE 3.2 the electric field. This is called electric potential energy. Let My 


be the work done by the external force in carrying a positiv? 


1. The electric potential in a region is represented as pa , . ey 
charge h Irom a to b while keeping the charge in equilibnu™: 


V= 2x + 3y — z. Obtain expression 


} S CEE The ah. E ae a g : 0 
for electric field strength. A 5 A Z Fhe change in potential energy (AU) of charge q, is defined ! 
2. Figure shows the lines of constant 1 \\e be equal to the work done by the force in carrying the charge # 
| potential in region in which an i from one point to the other. That is. 
Le 


electric field is present. The values 
of potentials are written in brackets. 
At which points A, B, or C, the 
electric field is greatest. 


AU=W, or U,- U, =(W)_ =W) 


ext ab’ elec. 


e ar Py i d 
5 where U and U, designate the potential energies at points Aa 


B, respectively. 


in the 


o p° S 
a i ‘i mponent IS 
fat 
es a (i) 


jectric force is not constant during the displacement, and 
rhe e ` Ata 9 a wor 7 ‘ 
ye to integrate to calculate the work W_ done on q, by this 


ves moves from a to b. We find 


force as q 0 


he work done by the electric force for this particular path 
spends only on the end points. In fact, the work is the same for 
„possible paths from a to b. To prove this, we consider a more 
zeneral displacement (as shown the figure). The work done on 
i during this displacement is given by 


I T 


| 2 (iii) 


; l 
W, „= | F cos ġ dl = ame (cos¢ dl) 


a 


The work done on charge g, by 
the electric field of charge q does 


not depend on the path taken, 
but only on the distances r, and r,,. 


Sut the figure shows that cos @ dl = dr. That is, work done during 
nn displacement d/ depends only on the change dr in the 
“ance r between the charges, which is the radial component 
7 ue displacement. Thus, Eq. (iii) is valid even for this more 
displacement; the work done on q, by the electric field 
Fei by q depends only on r, andr, and not on the details of 
path. These are the needed characteristics for a conservative 


orce as A ° . r San é 
con aS we defined it in section. Thus the force on q, 1s a 
Servative force. Hence, 


U,- U =- 
=- 1 ros = saft] 
Aneo\ r h) Aneli ta 
=-1b _ 4o (iV) 
We ATE, ANE gr, 
See t a, l 
Potenta ne (iv) is consistent if we define gq,/47E,", tO be the 


Nd We defi "gy U, when q, is at point a, a distance ”, from 4: 
one qqy 4rer, to be the potential energy U, when q,! 


Pr 


ee sss Electric Potential 3.13 


at point b, a distance r, from g. 
Thus, the potential energy U when the test charge q, İs at any 
distance r from charge q is 


U= l ddo 


(y 
ANE) F ) 


(electric potential energy of two point charges q and q,) 


Another method of finding potential (I) 
energy of two charges n 44. 

e As initially there is no charge (i.e., „6 x 
electric field is zero), work done in d ý 
bringing q, from œ to q, (A) is W, = 0. jit 4a 

e Potential at B due to charge q, at 4 is A B 

\ q — x — 
V, = 
ANE) x 


Work done in bringing q, from infinity to B is 


l 1 q l qah 
Mo WO 0 aa 
0 D 7 


Total work in assembling q and q, at A and B from infinity is 


W = W, + W, 2 1 192 
ATEQ Xx 
This work done becomes the potential energy (U) of the 
system of two charges. Thus, 


1 Ahh 


— Ame) x ae 
Note: Eq. (iv) is true for any sing of q, and q,. If both q, and 
q, are either positive or negative (i.e., ¢,q, > 0). U is positive. 
This implies that the system is free (as the electrostatic force 
between them is repulsive) and a positive amount of work is 
required to be done against this force to bring the charges from 
infinity to their present locations. But if, and g, are of opposite 
sings (i.e., ¢,q, < 0), U is negative. This means that the system 
is bound (as the electrostatic force between them is attractive). 


POTENTIAL ENERGY OF A SYSTEM 
OF THREE CHARGES 


Let us calculate the work done in AWW. 4: and q) 
building a configuration of three ia 3 m 
charges q,, q, and q, by bringing ro 

them from infinity to the locations /o 


y 
Q 


A, B, and C, respectively as shown y 
in figure. Y 
As initially there is no charge (i.e., i 
electric field is zero), work done l 


‘ -i i sharove Y infin: \ / “ 
in bringing charge q, from infinity y / / 
to A is W, = 0. gy q: 


Potential at B due to charge q, at 
A is 
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l 
pai 
ATE) Ñ 
Work done in bringing charge q, from infinity to B 1s 


l 
Z = A Ys 0 = 
= ap Ame) X 


Potential at C due to charges q, and q,, 1.¢, 


vc! 442) 
. ATG A 


Work done in bringing charge q, 


l fa h 
neatozalz(2) e] 


from infinity to C is 


ATE X 
__ | | Bay, oa 
ATE) | 3 X 


Total work done in assembling the three charges at A, B, and C 
from infinity is 
F =W, +W, +W, 


l ah l Faa 


= —— 4 4 — | = 
ATE x 4l 2% Xy 

-| |2 , 2B , Bh 
eol a o G 


This work done becomes the potential energy (U) of the three 
charges q,, q,, and q,, 1.€, 


U= l st + 9293 $ sa 
Arela a g 


Note: In case of discrete distribution charges, 


= Eak tl : 
Anea) h2 r3 2 (4re,) 


[4 is used as each term in summation will appear twice] 


44 
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POTENTIAL ENERGY OF CHARGES IN 
, AN EXTERNAL ELECTRIC FIELD 


are ar rear 


POTENTIAL ENERGY OF SINGLE 
EXTERNAL FIELD 
Let V be the potential at a 
point P due to an external geet 
field. Work done by an ra ’ 
external agent in bringing y Fd 
the charge q from infinity pe 
to P is 
W=q(V—0)=qV 
This work done becomes the potential energy (U) of the charge 
(q) when placed at a point P in the external field, i.e. iii 
U=qV 


CHARGE IN AN 


(V) 


i) 


POTENTIAL ENERGY OF A 


SYSTEM OF TWO 
CHARGES IN AN EXTERNAL FIELD 
Let V, and V, be the potentials 


—— 


at points A and B in an external at San 
field, where AB 5X. Pe; te 
Work done in bringing the / 
charge q, from infinity to A is r \ 
k q, 
W,=4,V,- = 4% A O- 
Total potential at B due to the V) (V,) 
external field and the charge 4, l¢—— x —y 
at A is , 
qı 
pyn aem 
B Ane, x 


Work done in bringing charge q, from infinity to B is 


1 %)_ol- | 4h 
m-at Gea | 0|= 0+ a : 


Total work done in assembling the configuration of two charges 
in an electric field is 


1 4% 
WW meant ale E 
This work done becomes the potential energy of the configuration 
in the external electric field is 


192 
4NE) x 


U=qV 4+ qV_t i 


Note: . 

e U=q,V, we may define the potential energy of charge 
q, at any point in the field to be equal to the amount of 
work done by external agent in bringing the charge g, 
from infinity to that point. 

e In the discussion above, we have assumed that the 
charged particle, which is moving in equilibrium, will 
change its kinetic energy as it moves from point to point 
Thus, if a particle of mass m and q, has potential energy 
U, and kinetic energy K, at point 4 and U, and K, at 
the conservation of mechanical energy requires (in the 
absence of work done by any external force acting of the 
charge) 

U, hi K, = U, pi K; 
Since U =q, , and U, = qp We may write 


(A ~ Va = Ka - K l 


la 
u 


Wire) Wi ta RR 
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Three equal charges q are pl 

corners of an equilateral tri 

(a) Find out potential en 
system, 

(b) Calculate work required to decrease 
the side of triangle to a/2. 

If the charges are released from the 

shown position and each of them has 

same mass m, then find the Speed of 

each particle when they lie on triangle of side 2a. 


aced at the q 
angle of side a. is 
ergy of charge 


C 
B SERERE L 
q q 
a 


a 


(c) 


A 


Me 


7 . ee a oe = Electric Potential 3.15 


ee NEN UN a oe Re q a q 


pod Í ee Four ide ti D c| 

l sume all the charges are at infinity initially. Work done in corners nea Sane aie Fs placed at the 

yA „g charge 7 at comer A 1s ane quare of side a. Find the a : 
ptting potential energy of one of the charges due 


P y- V)=q(0-0)=0 
W, q; 


A 
, , q q 
e potential energy at A 1s zero in aa . 
gine » of charges. work done in putting Sol.) The electric potential of point A due to the charges 
absene placed at B, C, and D is 
—cC 


r B in presence of charge at A B 


to the remaining charges. A 5 


ri at come 
: Eni pakike 
y,-0)= q = o| a Kq? 4nmé) a ANE, J2a Anega ATE Jija 
W,=4 (Vp a a Therefore, potential energy of the charge at A is 
2 
similarly, work done in putting charge q at corner C in qV = l 2 +45\e 
esence of charge at A and B is ATE, J2) a 


_ |( Kq Kq 
nea)-=4|(“t+42)-o) 


. la 
na potential energy is placed at four corners of a square of 


Š bute taal e fi 4 
Four identical point charges q are | 
side a. Find the potential energy of the 
y=W,+W,+t W, charge system. q 


Kg 2K? 3K? 3 t 


=0+—— 


a a ANE) a 


Method II (using direct formula) 


— 7 gg Oo —— +4 — t eT 


U =U +U + U23 g a a 2 a a a 2 a 
K? Kè Kè _3K¢ 3 T [ake , 2Ka?|_2K@[,, 1 ]-- Joy 
a a a a ATE) a a av2 a J2| 2m€a J2 
(b) Work required to decrease the sides is Method II [using U = (U, + U, + =)] 


U, is the total potential energy of charge at corner 1 due to all 
other charges; U, is the total potential energy of charge at corner 
> due to all other charges; U, is the total potential energy of 
charge at corner 3 due to all other charges; U, is the total potential 
energy of charge at corner 4 due to all other charges. 

Since due to symmetry, 


U,=U,=U,=U, 


nt=— ‘a 


t , F N 
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An alpha particle with kinetic energy 10 MeV is heading 
toward a stationary tin nucleus ofatomic number 50. Calculate 
the distance of closest approach (see figure). (Given charge of 
alpha particle is twice the charge of electron.) 


Nucleus 


a particle a 
+ i /x x x 
ssne sia = Bas Se x 50e x 
x 


q ee — 
3.16 Electrostatics and Current Electricity _ a i a o AU aw = -mg (l - | cos ©) 
nd E of alp 
i nucleus, kinetic energy Oo Si | 
pe in app aes aie al potential energy. SO iby ig Mie AK= 3m” -0 (i) . 
particle 1s converted into electric p 2 i v! 
-pach, then n i a 
‘tance of the closest approar™ — — mv: From Eq. (i) fi 
= 7 lsin 9+ mg (l-1008 8) 7 " p 
j 1 92 mv? al 
-m = . ð= = | 
2 iia) mg /sin 0+ mg Į- mg l cos 0 2 | th 
? | w 
__1 QANA _ i 
g me 4E, (Kinetic Energy) gl + gl- a = =m or v=4/2gl | 
(2xt.6510 0:6410” x50) 2 
.= (9x 0° E E A P -19 
or r= (9X10) (10x 10° x 1.610 ) » Jal _ Pg o- 2g 
Q=- = a ro / B I 


—14.4x10 m = 14.4 fm 


A proton moves with a speed u directly toward a free proton 


originally at rest. Find the distance of closest approach for the Two-point charges q, and q, are fixed at a distance 3.0 cma 


two protons. Given that mass of the proton is m and charge of shown in figure. A dust particle with mass m = 5.0 < 10? ky 
the proton is +e. and charge q, = 2.0 nC starts from rest at point ‘a’ and moves W 
in a straight line to point ‘b’. What is its speed v at point b? 
“Sol. Since the particle at rest is free to move, when one q 
i : ; q, = 3.0 nC ie q, = -3.0 nC 

particle approaches the other. due to electrostatic repulsion, og a b 2 
the other particle will also start moving. So the velocity of the l 2 y 
first particle will decrease while that of the other particle will | Gee Lom E0rem 
increase, and at the closest approach both will move with the 


same velocity. So, if v is the common velocity of each particle 


i “Sel. © Applying conservation of mechanical ener 
at the closest approach, as no external forces are acting on them oe PP l É 


(the system of particles), the linear momentum of the system of AK +AU =0 
particles will be conserved. By conservation of momentum, we Fr 
set or (K, -K,)+(U, -U,)=0 
mu = my + mv, l - „l , ” kos 
Here K, =0and K, =i and U, =q,V, and U, =q; 
1.€., v= 7“ OT 
Hence, (K,-—X, 7. —V \= 
And by conservation of energy, we have l T$ H á ( T ) j i 
EET AE By A l 
Em Saar m be —my —0 +(qV.—-q,V.)=0 
2 2 2 i ATE, r - (do Í Jo J 


e : = 
So, r= a (as v=u/2) And solving for v, we find, v = a ll | 
m 


Electric potential at ‘a’: y = l 4 l 4 | 


A horizontal electric field (E = (mg/ ;, =— + 
exist in space, as shown in eure 4 wide +—__—. ATE, ha ANE ha 
particle of mass m, having charge q, is — 


attached at the end of a light insulated A a PEE N: V, = (9.0x10°) x 30x10” 4 (—3.0x 10°) ~- @ w 
rod, If the particle is released from ii 0.010 0.020 y fc 
the position shown in the figure, find pa q] 
P oina the rod when J b Electric potential at ‘$’: y = | M + l q, ie 
ses through the bottom most eee Gee 1 Anen, Ane r b 
position. orib SE Nop 
: , V. = (9.0 x 10°) x 3.0x 10° (-3.0 x 10° s)| 
. / c | 
‘Sol. > Using conservation of mechanical energy, 0.020 z a =-1350V <A 
AK+AU=0 From (1) (ii vee | 
(11) and 
7 = -are 
AU iecrica = FAV = —q(El sin 6), j= 2(2.0x10 [G350) - (-1350)] Q 
IS) =(1350)] 
/ 5.0x10° = 46 m/s 


cle of mass m carrying charge ‘g’ is projected with 
APs from point “A” towards an infinite line of charge 
ye „distance ‘a’, Its speed reduces to zero momentarily at 
ae g which is at a distance a/2 from the line of charge. If 

ier particle with mass m and charge ‘—q’ is projected with 


“ame velocity ‘y’ from ‘A` towards the line of charge what 
the > 


Applying conservation of mechanical energy 
AK +AU =0 or (K, -K,}+q(V,-V,)=0 (i) 


hen a positive charge is projected towards the wire 


1, l 3 : és 
[0-5 }: qAV Sa =q(V, -V,) aii) 


— 


When a negative charge is projected towards the wire 


P l ] > n 
Sm} -im |+(-a)ar =0> G mv; -im | = q\V, — V,) 


a an 


.. (it) 


From (i) and (111), we get 


Or Vp = Jy 
Small identical balls with equal charges are fixed at the 
vertices of a right polygon with side /. At a certain instant, 
one of the balls is released, and after a sufficiently long-time 
interval later the ball adjacent to the previously released is 


eed. The kinetic energies of the released balls are found to 
differ by T at a sufficient long distance from the polygon. 


i l ] 3 ] = 2 5 
mv =| —mv,-—mv |> v, =2v 
9) 2 ? 


ine the charge of each ball. 
‘Sal, If ball ‘7’ is taken to infinity, p~ s 
H will be done by electrostatic 
orce this work done will be equal to T 


sarge in kinetic energy of the ball, 


X 
x t potential at position | is V. Taking \ 
all at 1 as a system. i 


i) Au : AK = 0 = QV ia F K inisini m q Vinal T K inal 
1} 
qV=0+K, Ai) 
mn es adjacent ball is removed. The potential at 2 


© same for ball other than 1. The potential at 2 will be 
~ Potential at 2 due to 1). 


o = ç Electric Potential 3.17 


| q 
yl a). om 
| a K, (11) 
From (i) and (11) 
2 
q 
———-= K — =] 
T | I 


q =4neIT > q= Jáne T 


CONCEPT APPLICATION EXERCISE 3.3 


1. Four balls, each with mass m, are connected by four 
nonconducting strings to form a square with side a, as 
shown in figure. The assembly is placed on a horizontal 
nonconducting frictionless surface. Balls 1 and 2 each 
have charge q, and balls 3 and 4 are uncharged. Find the 


maximum speed of balls 1 and 2 after the string connecting 
them is cut. 


2. Consider the configuration of a system of four charges 
each of value +q. Find the work done by external agent in 
changing the configuration of the system from Fig. (a) to 

Fig. (b). 


@—_______ _-_® ae ae 
+q +q 
S o] 
, SS 
+q a Tr? tq : 
Kp 
(a) (b> 


3. Four charges +q, —q, +q, and —q are placed in order on 
the four consecutive corners of a square of side a. Find 
the work done in interchanging the positions of any two 
neighbouring charges of opposite sign. 

4, Charges +q and —g are located at 


~y +g 
the corners of a cube of side as T A 
shown in figure. Find the work FP | 
done to separate the charges to ) | | | 
infinite distance. | +__—__|—9-4 
5. Two charged particles having  @& b 


charge [uC and tC and of mass i 7 

50 gm each are held at rest while their separation is 2 m. 

Find the speed of the particles when their separation is 1 m. 
ó, Four-point charges g, q, q and —q are placed at the vertices 

of a square of side length @ as shown in Fig. (i). The 

arrangement is changed and the charge are positioned at 

the vertices of a rhombus of side length a with —q charge 
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in Fig. (ii). 
at the vertex where angle is 120° as ee ne 
Find the work done by the external agent in chang g 


configuration. 
a 
| ; a 4 q q 
l a a ad 
120° 
—ŮŮ q 
q 7 4 q ad 
(i) (ii) 
‘ Is Surface charge density 
> proton Is S 
goia F 6 = 2.2 x 10° C/m* 


projected directly towards 
a large metal plate that has 
surface charge density of 
32x 10°C nm’, From what 
distance must the proton be 
projected, if it is to just fail 

to strike that plate? 

§. A particle (4) having 
charge Q and mass m is 
at rest and is free to move. Another particle (B) having 
charge g and mass m is projected from a large distance | 
towards the first particle with speed u. 
(a) Calculate the least kinetic energy of the system | 

during the subsequent motion. | 
(b) Find the final velocity of both the particles. Consider 
coulomb force only. 

9. A particle (A) having charge Q and mass m and another 
particle (B) having charge q and mass m are initially held 


qQ 


-~ apart. Particle B is projected 
TE, MU 


100 e proton 


at a distance r= 


| 


directly towards A with velocity u and particle A is 
released simultaneously. Find the velocity of particle A — 
after a long time. Consider coulomb force only. 


z ANSWERS 
kg 
1. |< 2, -—4 (3- 
\ 3am 4nea ` 
3. 1 (4-2/2) AE E [3V3 3/642 | 
STE, d ATE, a Vi6 i 
N < O. | 
7 m/s 6. -fi 7.40 mm 
8. (a) — mu (b) A will move to right with 
velocity u and B will be at 
rest. 
5 | 1+V3 
u 
2 


ELECTRIC POTENTIAL OF SOME 


CHARGED CONDUCTING SPHERE 
A solid conducting sphere of radius R has a total charge q. At all 


points outside 


GALOIS S =e eey o a O aN 


sphere th 
the sp as if the sphere were removeg 


from center of the sphere, 
replaced by a point charge 4: 
4 a hd e. . 

for a point charg nt outside the sphere at a distan, 


AN, 
We take V = 0 at infinity, as Wed | 


ai? a pol 
Then the potential atap tial due to a poi j 
n its center is the same as the poten point charg, | 


frol 
q at the center. We have 
| 
PSOR S- À 
fe 
/ tA 
| wR 
Nr i 
Ny 7 
OB  | 
| H ig 
I 1 A ‘spain al 
: K (ET mR 
EN RE : | N 1 g 
| E=0 | _ E= in, 7 | 


m pmen 


O 


| Electric field magnitude E and potential V at points inside 
_and outside a positively charged spherical conductor. 


The potential at the surface of the sphere is 
q 

y. = —— 

surface An Ey R 


Inside the sphere, E is zero everywhere: otherwise, chaz 
would move within the sphere. Hence, if a test charge move 
from any point to any other point inside the sphere, no works 
done on that charge. This means that the potential is the same 


every point inside the sphere and is equal to its value g/4a@a 
at the surface. 


Note: The variation of electric field and potential for conducting 
shell is same as conducting sphere. 


A very small sphere of mass 80 
g having a charge q is held at a 
height of 9 m vertically above 
the center of a fixed conducting 
sphere of radius 1 m, carrying an 
equal charge q. When released 
it falls until itis repelled back 
Just before it comes in contact 
with the sphere as shown in 
figure. Calculate the charge q 
lg = 10 ms 2] | 


rere pa ias and gravitational potential energies” 

if whole of its char external point, a charged sphere behav“ 

conservation of Be were concentrated at its center. Apply 
n ot energy between initial and final positions, We a 


| 
| 


oP WA A 


Der 


qq x9 = —+ 
ng me ane, | oe 
ANE 


(as Kinetic Energy is zero at both locations) 
ons 


g0x10° x10 
ear al 
q 10 


„= 2042 HC 


of 
uncharged spherical 


: nae has inner radius @ and 

radius 5. A positive point 
ae +q is in the cavity at the 
che the sphere (figure). Find 
potential I(r) everywhere, 


assuming that = 0 atr >. 


of 


The conductor is an equipotential volume, so V is con- 
gant for a Sr Sb. The field lines inside the cavity must end on 
ae inner surface of the cavity, so this surface has an induced 
charge -@- Since the shell is uncharged, a positive charge +q is 
-a the outer surface (figure). 

The three charges q at the center, —g on the inner surface, and 
-zon the outer surface produce a field 


l q 


4ng r? 
ir r >b, so the potential for r >b iS 


l q 


V =—— 


ATE r 


Outside the shell, V(r) is the same as that due to a point charge q 
2 the origin. Choosing V = 0 at r =o, we have 


l 

V(r)= 4) 2b 
ATE, r 

Atr=b, the potential is g/47E,b, V remains at this constant value 

throughout the spherical shell from r = b to r = 4, so 


V(r)= 2. a<r<b 


0 
For any point inside the cavity (r < 4) -i 
Vir) = Electric potential due to g at center + Electric potentia 
due charge distributed on spherical surface of radius a + Electric 


oo due to charge distributed on spherical surface of radius 
. So 


V(r) = V; +y T V, outside 


a, inside 
aia, 10, 
4ne,r Ane, a Ane, b 
= l E E A rsa 
4ne,r 4ne b 4T 4 


. i , > ion of 
Following figure shows the electric potential as a functio 


dis 
tance from the center of the cavity. 


| Electric Potential 3.19 
Electric field versus r mar 
E; 


Electric potential versus r 


\ og Y| \ kq kq kq 
ra rh ai tF a 
Kh 
oi kq 
a Oar 
i I 
' ' - 
“a ibh 7 
i 
AN k= l 
LH «ATE 


St+ 


Figure 
conducting shells of radii r, and 
r, carrying uniformly distributed 
charges q, and q, respectively. 
Find an expression for the potentia! 
of each shell. 


shows two. concentri¢ 


“Sol.” The potential of each sphere consists of two points: one 
due to its own charge, and the other due to the charge on the other 
sphere. Using the principle of superposition, we have 

V, = Ve. surface + V, inside 


and y, z F ati + A surface 
Hence, 
E 1a, l! ® 
i 4 TE n ANE D 
1 q, 
and y, =——4+__2® 
ATE h 4&1 


A metal sphere A of radius a is charged to potential V. What 
will be its potential if it is enclosed by a spherical conducting 
shell B of radius b and the two are connected by a wire? 


“Sol. If the charge on the sphere of radius a ts q, then 


l q 


— m 


ANE a 


q= (Ameya) V 

re A is enclosed by spherical conductor B and 
cted by a wire, charge will reside on the outer 
potential ot B will be 


i.e., 
Now, when sphe 
the two are conne 
surface of B and so the 
V = l q = l Ae yar V S a V 
B™ aneb Anea È b 


Now as sphere A is inside B, so its potential is 
a 


v= n=O) 


OoOO 


[Vasa <b] 
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NON-CONDUCTING 
SOLID SPHERE 


OUTSIDE THE SPHERE | 
The field intensity outside the sphere 1s 
-l4 
Eputside ~ 4 TE, r2 


or ATouside = — Eouside or AV outside = E yitside ' 
dr a 
WV cde = -f 14% or V = ET 
or a outside a4 TE, r? ME, 
as V =0 
E E E. 
Atr=R, -F¥=—= 
’ dm, R ea 
i.e.. at the surface, potential is V5 = T 
INSIDE THE SPHERE 
Inside the sphere, 
ee 
Enside a ATE R 
or GV inside = — Evnside or dV ae = ENAN dr 
dr 


Substituting V, = — 4 


ATE R 
we get 


ra gial- b- 
Ame RL2 2R] 20 R] 8m&RU R 


At the center r = 0 and 


y= al ep 
- 2\4me,R) 2 
That is, potential at the center is 1.5 times the potential at surface. 


Thus, for a uniformly charged nonconducting sphere, we have 
the following formula for potential: 


l g l q r? 
Voutside = —— 4; Vort = — L, V -1 ea 
outside ATE, p urface 4ne, R inside Bre, R 3 R? 
P” 


j 


Find the electric work ji 
done in bringing a A y 
charge q from A to B , + ep fa | 
in a sphere of charge Q E E ai 
distributed uniformly ` + P" 

throughout its volume. en 


| Sol. The work done by electric force in bringing charge 
from A to B is W, = 4V,- Vp) where 


aE. 

A Bre R’ 
R <. 

"= ATER 


Hence, 


w -22 -2 -= Qq 
te 4| Bae R ATER) 8BTER 


Alternative method: 


The work done from A to B can also be "a 7 
given by Wa = af Edr, z 
èe > 
where F 
Qr l i / 
= 3 sF <R \ 
Are, R et —_ ee S \ F 
‘UAA 
or w=qf | —2 sr ar = E 
0 | ATER 87E,R 
A positive charge Q is eo, 
uniformly distributed aL R 
throughout the volume of Ro / ` ‘an 7 


a dielectric sphere of radius 
R. A point mass having 
charge +q and mass m is Sa 

fired toward the center of 

the sphere with velocity 

v from a point at distance r (r > R) from the center of tè 
sphere. Find the minimum velocity v so that it can penetrat 
R/2 distance of the sphere. Neglect any resistance oll! 


than electric interaction. Charge on the small mass remains 
constant throughout the motion. 


Sol. Using conservation of mechanical energy AK + AU i 
0 l 2 7 r 
T7 +q V, -V)=0 


. Tee | 
ol zm =g =V) ll) 


wa 


ponen 
~ V; = e 
note 2° | MER 
ring the values of V, and V, in Eq. (i) 
putting 0. P 


p=- ‘ 
sv 32meR ANE! 
11gQ_ __42_ 


2 =—_ 7 
of m l GNER 2NEg? 


ed 
at" mmeyRLS T 


qQ a2 
pence V5 ]2mmERLE r 


4 non-conducting sphere of radius 
g=5cm has its centre at the origin 
0 of coordinate system as shown 
in figure. It has two spherical 
cavities of radius r = 1 cm, whose 
centres are at (0, 3 cm), (0, —3 cm) 
respectively. and Solid material of 
sphere has uniform positive charge density p =1/ 7% uC / Mm. 
Calculate Electric potential at point P (4 cm, 0). 


ES Here we can use method of superposition. The given 
system can be considered as combination a complete sphere 
without cavities (say big sphere) and cavities as two spheres with 
negative charge density (say small spheres). The point under 
consideration is located in side the big sphere of positive charge 
density without cavities and outside the small spheres with 
negative charge density. 


Small spheres 
Charge density -pP 


Big sphere without cavities 
Charge density p 


Ch 
atge on the sphere (including cavities) 
4 
=2 4 ; 
e 5R p=2n(5x107) x10“ 220C 
1 
Charge ; 
'& in a volume equal to that of cavity 
4 
15 ~7p3 _4 _2\3 1 —6 4 -12 
3 P=—n(1x10 ) —x10% =—x10 "C 
3 1 3 


less 
“lal at P, y, = 


wholesphere 


-2V 


cavity 
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k 2 
y, =e Ie =o kq 
2R R? 5x10” 


_ 9x10" eee), 8l 2x9x10° x(4/3)x10” 


2x5x10° 5 5x10? 


873 
=—=V = 34.92 
25 V 


UNIFORM LINE OF CHARGE 


We can use the geometry of 
figure to find the potential 
due to a uniform line of 
positive charge at point P, > 
a distance y from the rod on | | 
its perpendicular bisector. a 
Using the charge element 
dg = Adz (where À is the linear | 
charge density), we have 


l dq _ l Adz 


ATE, r ATE) s |z? + y 


Carrying out the integration over the length L and noting that y 
is a constant, we obtain 


[a 
++ 


tttttttt+t+ 


dV = 


-() 


Ve 1 i Adz . 
Ame, 1-112 [224 E 


À tine + 2+ PTH 
ATE, E 


An Li2+\(2/4)+¥ 
-L/2+ Me /4)+y° 


ATE, 
For an infinite rod, L — ©; hence, absolute potential of an infinite 
rod is not defined. For an infinite rod, the potential at any point 
near the rod comes out to be infinite. But the potential difference 
between two points situated at distances a and 6 can easily be 
calculated as follows: 


B 


j eN 
iL-----@-------@ 
> 


| 3.22 Flectrost 


atics and Current Electricity _—= 


5.22. Electrostatics and Curent E7 


Important Point: 
The absolute potential ofan infinite rodan 
charge is not defined, but we can define the 
near the infinite charge distribution. me iik 


dan infinite sheet of 
potential difference 


—_— 


article q iS shifted 
1 to point 2 in the 
d of a straight long 


A charge P 
from point 
electric fiel 
linear charge of 4 

(a) Find the electric work 


(b) Find the potential 
difference between l and 2. 


(a) The work done by 


Wy=|Fy-dl=4fE-al 


the electric field is 


A x Aq raed Aq 
Ff |+ (arr) = ln2 
dla ) oe 21 Jar r  2ME 
W, - n2] A 
b) h-r = dea = ——|n2 
q q 2MEp 
A 


A RING OF CHARGE 


Figure shows a uniform ring of 
positive charge. The contribution 
to the potential at point P on its 
axis due to the charge element dq 
= } ds = ŻR dois 


Integrating around the ring, we 
note that R and z both remain 


constant. The variable of integration is @, which ranges from 0 


to 27. Thus 


pee se a 2m ] 
3 z -Í db = — >= 
Anke, |p? + zZ 4TE, JR? + 2 


Total charge on the ring is g = 274R. Distance of point under 


consideration from the ring is r= Je +72. 


+ 


where r 18 the 


Two circular | 
put such that their axes coincide 


apart. A C 
Find the potential dif 


on both the rings, and as every 
distance from the center, SO 


1 4 


Erre 
ANE) Ý 


distance from ring to point under consideration 


Atz7 V, 
pe 1 q . maximum potential is at the center of ring 
Ane, R 


and at z > °» y = 0. 


and 0.09 m, respectively, are 

and their centers are 0.12 m 
harge of 10° C is spread uniformly on each loop 
ference between the centers of the loops 


oops of radii 0.05 


e center of a ring will be due to charg, 


The potential at th 
element of a ring is at a constay 


1 1 p 
=9x10° Fao 2.40x10°V 
5 15 


Similarly, 


rs 


= 1 1] 19 
or y,=9x10'| 24 |- Š <10% =1.69x10° V 


o 3i n7 


So V,-V, =(2.40-1.69)x10° =71kKV 


A circular ring of radius R 
wi uniform charge density ” Å r al | | 
roe unit length is located in ow ~ |e J 
i ` . * TES ` È 
1e y-z plane with its centre es anneal | i 
(À 
\O 


at the origin ©. A particle of 
mass m and positive charge 


( is . ? TES » Ra a PN uC 
Po plete from the point PCRY3,0,0) on the posit!” 
x-axis directly towards 0, wi tial sp 
~ s 0, with an initial spee 
Finc ; " an initial speed v. 7 
| ua smallest (non-zero) value of speed v such that 
particle does not return to P 


| 


od 


-_~ u h Fie 


to ring on left side of its centre is 

The elec ' direction and right side of its centre is towards 
gh g Ga the electric field at the centre of ring is zero. 
i rdi nicle will not come back due to repulsion if it 


ans the ring. 
fi m'h pe centre of the ARE 
seS ae 
ros" rer a 
+g L {É a <— | —> —> 


RB. F 


[om J (av, —qV,)=0 


Em =q(V,-V,) Sa 2q(V,-%) i) 


The potential at initial position, 
1 Q 1 (27RA) A 


7 — — Æ = — m 


' Ame, r 4nE 2R 4E, 
The potential at the centre of the ring, 
1 Q 1 (2m€RA)_ A 


1 4ne,R 4ne R Oe. 


(Ye He) 5 


Hence from (1) 


—> oF Vain = 


CHARGED DISK 


ie the geometry of figure, due to the 
ie of radius w and charge dq = o dA 
ith area element dA = 2mwdw, 


dv=- | _ 44 
Amey Jw? + z? 
1 2nmowdw 


= — 


teon fw + 2? 


m — 
ti the contributions from all the 


ngs 
ran on the disk, we integrate as w 
Bes from 0 to R: 


y=- (R wdw o Jeiz 
aN ee N E E S 


Drm, 


Evectnic FOLENLIC® 


As R > œ (i.e., for an infinite sheet of charge), yee oo, Hence, 
we cannot define absolute potential of an infinite sheet of 
charge, but we can define potential difference between two 


points near the infinite sheet of charge. 


ENERGY FOR A CONTINUOUS 
DISTRIBUTION OF CHARGE 


fferential charges dq by 


The energy required to assemble di 
ble a charged ball is the 


bringing them from infinity to assem 
intrinsic energy of the charged balls. 


SELF-ENERGY OF A CHARGED SPHERICAL SHELL 


SPHERE 

Consider a spherical shell iain Transfer 
having charge Q and radius R. á al _ dq 
Let the instantaneous charge ( -i o 
on the shell be q. Work done w y 

by an external agent in slowly -e 
bringing a charge from infinity 

and assembling on the surface of the shell is 


a 


q 
dW =V dq = d 
1= Gre R! 


Net work done in charging the shell is 


Q q Q? 


This work done is the electrical potential energy OT self-energy 
of the charged sphere. 


SELF-ENERGY OF A UNIFORMLY CHARGED SPHERE 


Let us consider that the charge Q being brought from infinity to 
form the sphere of radius R. 

Let at any time, charge q has already been brought to from a 
sphere of radius x and further a very small charge dq is brought 
from infinity and assembled on the surface of sphere, which 
increase its radius by dx. Electrical potential energy of this 
charge dq is given by 

dU = dq x potential at the position of charge dq. 


1 q l 
=dqxV=d 41\-, qu = A 
q dz 2) 4 x dq 


If Q is the total charge to be brought to form the complete sphere 
of radius R, then the charge density p is given by 


__ 2 
$ eR? 
3 
dU = : (Erro anra sanp ae 
Ane x \ 3 ihi 3E ee 


Total electrical potential energy is 


R 2 4 
U=fdu =f AMP gy 23/4 N 30" 
o 3&0 5\ 4me)R) 20ER 
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Note: Self or intrinsic energy is always positive. The interaction 
energy may be positive or negative. 


SELF AND INTERACTION ENERGY OF Two SPHERES 


Two spheres 1 and 
2 are placed at a 
sufficient distance 
apart. Sphere l is 
uniformly charged, 
and sphere 2 is a 
charged conducting 
shell. 

Total energy of | 
the system is the sum of the self-energies of the spheres and 


interaction energy. Thus, total energy of system is 

g= U, ” U, + U 
where U, is the intrinsic energy of ball 1, U, is the intrinsic 
energy of ball 2, U,, is the interaction energy of balls 1 and 2. 


For interaction energy, we can treat the two spheres as point 
charges in this case. Hence total energy is 


i= 3g; 4 g 4 1 (ag) 
207£a 87Eb) 4n& l 


A spherical shell of radius R, with uniform charge q is 
expanded to a radius R,. Find the work performed by the 
electric forces in this process. 


E initial self-energy 


TE. a 


—_—_———_ 


| STER, 
Final self-energy 
{7 4 
BTE R 
2 
AU =U, - lez) 
BTE LR R 


A spherical shell of radius R, with a uniform charge q has a 
point charge q, at its center, Find the work performed by the 
electric forces during the shell expansion from 


radius R,. radius R, to 


E 


“Sol The electrical potential energy of the 
system is 
U = self potential energy of shel] 


+ interaction energy of shel] and point 
charge 


q? + 910 
8me,R ANER 


Initial potential energy of system is 


2 
q qdo 

= H+ 

i BER AME, R 


Final potential energy of system is 


Ê , b 

Í BAER, ANE R 

From work energy theorem, 
W=-AU=-(U,- U) = U,- U, 


On substituting the values of U, and U, in Eq. (i), we get 


ELECTRIC FIELD AND POTENTIAL DUE TO 
INDUCED CHARGES 

A point charge +q is placed ee 
at a distance r from a metal 
sphere of radius R and 
having charge Q. There 
is a point P in the sphere 
at a distance x from +q. 
Find the electric field and - 
potential at point P due to E e 
the induced charges on the 

surface of sphere. 


Material of a conductor is an equipotential region. Potential 4 
the center of sphere is only due to the charge Q, +q, and induct 
charges. The potential at the center due to induced charges wil 
be zero, as the net magnitude of induced charges is zero: as 
all the induced charges are equidistant from the center. Thus” 
potential at the center of sphere can be given by 

Mg=VetV +¥, =o 


induced > SS 
r 


Sphere being equipotential at point P, the potential must be equ’ 
to that at point O. Note that at P, potential due to induced char 
will be honzero as all induced charges are not symmetrical’ 
from point P. Thus, net potential at point P can be gives by: 


Vn=Vot+V + V. Š -50 K4 
¢( q induced induced 


As the volume of solid conductor is equipotential volume. 


V,=V, =» AO, Ka _ KO, Kay, 
R r R x 1 
7 Kq 


induced charge = —— — 
} 


nduced 
Kq 
x 
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~~ conducting hollow 
inside inner radius R, and 
er iius R„a point charge 
outer" odata distance x from 
gis Pi - as shown in figure. 
vd electric potential at C 
fin ectric feld and potential 
b) peri r from the center 


e shell. 


ata 
outside th 


) The electric potential at center due to this system is due to 
(a induced charge —q on inner surface, and induced charge 
+g on outer surface. Thus, 
Kq Kq , kq 
= r t 
x R R 
Electric field and potential at a distance r from the center 
outside the shell will only be due to the charge on outer 
surface because outside cavity the field due all the cavity 
charges is always Zero. As induced charge on inner surface 
of cavity always nullifies the effect of point charge inside 
it, 
K 
E u= a and Vig = = 


out 


FARTHING OF A CONDUCTOR 


Earthing means connecting a conductor with 

earth. Earth is an infinite resource and a sink fo 
of charges, so the potential of earth does not \ 
change and it is assumed to be zero. After 

earthing, the charges on conductors vary, and 

so the potential of the conductor becomes zero. =. 
Consider a solid uncharged conducting sphere ( 
shown in figure. A point charge q is placedata = 
distance x from the center of the sphere. Here 7 
due to 4, the potential on the sphere is 


y Ky 
x 

oe is induced 

te sphere due to the 
Point charge q, but the 
Potential at the center : 
iy to the induced +4 
$ a on the sphere 
hae If we close the = 
ae S, earth supplies . 
i &e qto the sphere i 

ake the net potential zero. Thus, the final potential on the 


$ 
Phere can be taken as 


=— 4 —E — = —=— 
i R 0 or Qe n 


Earth supplied a negative charge to nullify positive potential on 
it due to q. 


In figure, if the inner shell has 

charge +q, and the outer shell is 

earthed, then 

(a) determine the charge on the 
outer shell, and 

(b) find the potential of the 
inner shell. 


(a) We know that charges on facing surfaces are equal and 
opposite. If the charge on the inner sphere is q, then the 
charge on the inner surface of the shell should be —q,. Let 
the charge on the outer surface of the shell be q,. As the 
shell is earthed, so its potential should be zero. Thus, 


, ae aa 
— N — 4 
/ o r2 \ eo r2 
a| a a ) aA a) m 
I A E W | | 


(a) (b) 


k k (- kq, 
Faus do +i 4) Go) 592 -Oor q, =0 
n n n 
Hence, the charge on the outer surface of the shell is 
zero. Final charges appearing are shown in Fig. (b). 
(b) Potential of inner sphere is 


Consider two concentric spherical 
metal shells of radii a and b, where 
b >a. The outer shell has charge Q, 
but the inner shell has no charge. 
Now, the inner shell is grounded. 
This means that the inner shell 
will come at zero potential and 
that electric field lines leave the 
outer shell and go to infinity, but other electric field lines 
leave the outer shell and end on the inner shell, 

(a) Find the charge on the inner shell, 
(b) Find the potential of the outer sphere. 


(a) When an object is connected to 


earth (grounded), its potential / B 
b J B 


is reduced to zero. Let q’ be the 
charge on A after it is earthed as q 
shown in figure. WT 


Ld 
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| a 


The charge q’ on A induces -q’ on the inner 
surface of B and +g’ on the outer surface of B. In 
equilibrium, the charge distribution is as shown in 
figure. 


Potential of inner sphere . 
= Potential due to charge on A + Potential due to charge on B 


A Amea ATE b ATE b 


or g’= -of2) 


This implies that a charge 
+0(a/b) has been transferred 
to the earth leaving negative 
charge on A. 

Final charge distribution 
will be as shown in figure. 
As b > a, so charge on 
the outer surface of the 
outer shell will be positive 


Qb-a) . 
b 


(b) Potential of outer surface V, 
= Potential due to charge on A 
+ Potential due to charge on B 


1 i 1 
FV aca TV ans eee 


a 
1 9). 1 Q_Qb-a) 


4me,b  4re b? 


ATE b 


Figure shows three thin 
concentric spherical 
shells A, B, and C with 
initial charges on A, B, 
and C as 30, 20, and —Ọ, 
respectively. The shells 
A and C are connected 
by a wire such that it 
does not touch B. Shell 
B is earthed. Determine 
the final charges q, Vy 
and q- 


ISo The first equation holds for conservation of charge on A 


and C. 


4 +4q,.=30-G2=20 (i) 


The second equation holds for zero potential of earthed surface 


Vs) mrn hi Vodou + a =0 


Kap Kic , KG o 
2R 2R 3R 


or 


or I I,i- o 


2 2 3 (ii) 


‘S 


Also the third equation holds for potential of A and C being 7 
Ug] 


V =V; 
V, = CE oise + (Vs dou T CV Dour 
Ve = Vin jä LAM T Loko 
Kaa , Kas , Kac _Kac „Kas , Kq; 
3R 3R 3R R 2R 3R 
- Uu, B, ic g 844 | 
o ir tg a a 3 i 
Now on solving for q,» 4p and q,, we get 
= Q, a 3Q d = 7 Q 
Ic = z a7 T q 2 
— 


CHARGE DISTRIBUTION ON 
A CONDUCTOR SURFACE 


(UNIQUENESS THEOREM) 


Ifyou inject a charge +q (by taking out electrons) into a conductor, 
the excess (injected) charges will be very quickly redistributedy 
the surface of the conductor to ensure a zero electric field insid 
the conductor. Since E = 0 inside the conductor, V = constant 
The same potential is felt at any point of the conductor. 

Let us take two points P and Q at the surface of the conduct 
having radii of curvature r, and r,. Cut two spheres of radiir 
and r, passing through P and Q and connect them by a loz 
conducting wire. To make this (two spheres) equivalent to te 
given system (conductor), we need to keep the spheres far apat 
to minimize their induction effects. Since the potentials at Pai 
Q are same, V, = vo 


Amey = AMEE 


where Vp= 


+ pe cr 
amry Pai Si 
+7 AN 5 
p$ \ \* 
rn 1 ' 
L] \ -r 
! \ —? oO 
+ N + \ ¿ 
poaa Ng at 
+ \ “wie? i 
T R + 
+ ——=— + 
+ 


The given cha 
th 


2 


ANE ATEN & 


— z ~ =a 
_ ee 


hems Or" 7 Of ; 
pechar e distribution takes place in a unique way at the surface 
rhe conductor such that the product of surface charge density 
0 aid radius of curvature r at any point of the conductor will be 


constants i.€., Or = C. 


CIRCULAR MOTION OF A CHARGED 
pARTICLE IN ELECTRIC FIELD 
= tC 


when a charged particle performs circular motion in an electric 
geld, an additional force due to the electric field acts on the 
charged particle. Also we have to consider the involvement of 
electrostatic potential energy due to electric field. 

We will learn this concept through some illustrations. 


masses m = 0.5 kg each and charges 

q,= (155/18 pC) and q, = (+100 

uC), respectively, are connected 

at the ends of a nonconducting, 

flexible, and inextensible string of — 
length r= 0.5 m. 

Particle A is fixed and B is whirled r 

along a vertical circle with center at 

A Ifa vertically upward electric field Oo 

of strength E = 1.1 x 10° NC" exists Eh 

in the space, calculate the minimum 

velocity of particle B required at the highest point so that it 
may just complete the circle (g = 10 ms”). 


Two small particles 4 and B having 
E 


‘Sel. Let us analyse the forces acting on charge B. 
(i) Force of attraction between charges A and B 
l Uh 


k= 
' Ame) r 
(222 <10-* Jao x10") 


(0.5) 
(acts in radial direction, always directed toward the center) 
(i) Force due to electric field 
= q,E 
= (100 x 10%) x (1.1 x 10°) 
= 11 N (directed vertically upward) 
(iii) Weight W = mg =0.5 x 10=5 N (vertically downward). 


(iv) Tension T in the string, acting downward. 7 
Since F , is always directed toward the center, the n 
position depends on F, and W. Their resultant is 7 , 
(vertically upward). At the critical position, this resu tan 
must be directed toward the center. Hence, the tension in 
the thread is minimum when particle B is at the lowest 
Position. Considering free body diagram at this position, 
we have 


mi R+R+T-W 
: 


z311 N 


=9x10 x 


Ae 


Electric Potential 3.27 


But for T = 0, we get w= V37 ms™! . When the particle moves 
from the lowest to the highest position, work is done on it by 
force F,; however, gravitational potential energy increases and 
no work is done by F,. Let minimum velocity required at the 
highest point be v. Using work energy theorem between the 
lowest and highest position on circle, 


Wani = AK 
1 1 
Ot Wace + Wavy = AK oF GE(2r) - mg(2r) = mv —— mvj 


which gives 


v=~/16 ms"! 


A small sphere of mass m = 0.6 kg carrying a positive charge 
q = 80 uC is connected with a light, flexible, and inextensible 
string of length r = 30 cm and whirled in a vertical circle. 
If a horizontal rightward electric field of strength E = 10° 
NC- exists in the space, calculate the minimum velocity of 
the sphere required at the highest point so that it may just 
complete the circle (g = 10 ms”). 


E When a particle having no charge is whirled in a verti- 
cal circle, the only force (other than tension in thread) acting on 
the particle is its weight. It is vertically downward and tension 
is minimum at the highest point, which is vertically above the 
center of the circle. 
In the previous illustration, there were two forces mg and gE 
(other than tension in thread) on the particle were responsible 
for analysis of critical condition. Their resultant was vertically 
upward. In that case, tension was minimum at the lowest point 
of vertical circle, which was vertically below the center of the 
circle. It means tension is minimum when the resultant force 
(other than tension) acting on the particle is toward center. 
In the present illustration, weight qE=8N 
ismg=0.6x 10=6N (downward) =~~ 
and gE = (80 x 10*)(10°) = 80 N ie 
(horizontally rightward). i 
Resultant force F of these two PN 
forces is at 0 = [= tan" (6/8) \ 
= 37°], with the horizontal as a 
shown in figure. Hence, tension 
is minimum at A, as shown in 
figure. 5 
Let critical velocity at A be v, l S 
Considering free body diagram 
of sphere at A, 
qE cos 37° + mg sin 37° = 
myo mg 


r 


f 


3.28 Electrostatic and Current Electricity ee eee aie ee : Se 
or v= V5 ms” (b) If the inner and n renee ard | 
Asteak P P y B e wire that oe ated as It passe g © middle 
phere moves fro s >l shell, what is the electric potential of each of the thr 

work gE (r cos 37°) is done on the ther ai K = shells? Also, what is the final charge on each sheln | 
sphere by the electric field and a | \ 6. Figure shows three concentric ee 
the gravitational patentna ME _ De — spherical conductors A, B, and 

increases by mg (r — r sin 37°). | O 437° | C with radii R, 2R, and 4R, 

We can find the required minimum k e respectively. A and Care connected | 


velocity v, at the highest point B, 
by using work energy theorem ct 
between points 4 and B. 


by a conducting wire, and B is 
uniformly charged (charge = +Q). 


i Find 

- L 2 harges on conductors A and 
7 = AK = gE r cos37° — mgr (1 -sin 37°) = — mv" — z mw (a) charg 

Wot = AK = gE rcos 3 mer ( > 5 G and 

which gives v= 3 ms" (b) potentials of A and B. 


7. A point charge q is located at the 
center O of an uncharged 


CONCEPT APPLICATION EXERCISE 3.4 


spherical capacitor provided A la 
1. Acone made ofinsulating he with a small orifice. The inside \ +a - 
material has totalcharge | ha a and outside radii of the capacitor O 
G prea mtormiy ovet | ss aime f are a and b, respectively (figure). p 
its sloping surface. ee ~ ; 
\ | see What amount of work has to be —— 


Calculate the energy \__ 
required to take a test B 
charge q from infinity to 


a performed to slowly transfer the 
charge q bit by bit from the point O through the orifice to 


. infinity? 
N E i 8. Figure shows a large conducting a 
= 40 ceiling having uniform charge FFI rrii 

conductors ofradiia,2a,and Puo density o below which a charge -775 
3a have charges —Q, +20, a particle of charge q, and mass m d ^ 
and —4Ọ, respectively. If r 2 K N is h fr e i T 
é A N Y is hung from point O, through a : 
is the distance of the point / / ,  \ \ small string of length /. Calculate C 
under consideration from | a 1 iw the minimum horizontal velocity hi i 
the center of the spheres, / a ae, v required for the string to become 
then find the electric field a eae d horizontal. 
and serie due to the aan 9. A small ball of mass 2 x 10° kg, having a chag 
aa guration, for the —— = I UC, is suspended by a string of length 0.8 m. Anote 
ec iby ween identical ball having the same charge is kept at the pou 
(c) 2a<r<3a (d) r>3a of suspension. Determine the minimum horizonti 


. Water from a tap, maintained at a constant potential V, is 
allowed to fall by drops of radius r through a small hole 
into a hollow conducting sphere of radius R standing on 
an insulating stand until it fills the entire sphere. Find the 


potential of the hollow conductor after it is completely 
filled with water. 


. Two identical thin rings, each of radius R m, are coaxially 


10. 


velocity that should be imparted to the lower ball so tht! 
it can make a complete revolution. 
ABC is a right angled triangle, 
where AB and BC are 25 cm 
and 60 cm respectively. A metal 
sphere of 2 cm radius charged pp o> 
to a potential of 9 x 10° volt is aes 


A 
N 
U 
o 
3 


t 


placed at a distance R m from each other, If Q, coulomb placed at B. 

and Q, coulomb are the charges uniformly spread on the Find the amount of work done in carrying a positiv? 
two rings, find the work done in moving a charge q from charge of | Coulomb from C to 4 ii 

the center of one ring to that of the other, Bi 
. Three conducting spherical shells C ANSWERER ——" 
haveradiia,b,andcsuchthata<b<c < B 0 1, 6 € | Tal 
(figure). Initially, the inner shell / "nel i Mme yc “ae A 

is uncharged, the middle shell has r] ` ii “= 

a positive charge Q, and the outer +—| (c) el - J / 3 Q 

shell has a negative charge —Q. / | Aneolr 3u ik Ane r 

(a) Find the electric potential of — i 2 

the three shells. ar 3 (2) V q (Q-Q) 
} Ane. VIR (v2 7 1) 


g 


| atl then OM = ON. In AOMA, 


| iner, = BP = NP = OP + ON=r-+Icos @ 


L | 
|| PO electric dipole consists 
| sph harges —4 and +q at Band A, “ae 


ae 
(b) r| C-=e-b 
, (0) ° b’ (c-a) 
50 2 
: (b) 7 (1 1 
(a 4,7 9! ASTER 876, £ -5) 


alt 202! 9. 5.86 ms” 21 
oe s 10, “1,.10" tou 


$. m 


i 


p- S E 7 o 7 
D Se 


_ipffNTIAL DUE TO AN ELECTRIC 


d pees separated by a distance fi) 
" < chown in figure). We have to pa a 
i ulate the electric potential at any ; 2% f h 
j f pwhere OP =r and ZAOP= 9. S aa 

“ pP = f and AP = Fa r : i 
paw AM perpendicular to PO and 
n perpendicular to PO produced 


OM cos 

OA 

QM= OA cos 0 = l cos 0 = ON 
(i) 
mi r =4AP=MP=0P-OM=r-lcos 6 (ii) 


Therefore, potential at point P due to both the charges —g (at B) 
ad-g (at A) can be written as 


yeti, 4 t_ iq. iol 
ATE, H AME) H «4M | HOF 


-4 l l 
oera] 
g ered 
ANE, r? — Ê cos” 0 
-4 cos 
4ne, r — Ê cos? 0 
ie l 


ieina 


- p cos 0 
4ne, r- Ê cos? 0 


' if] <<r, then electric dipole is very short and the potential 
IS given by 


fa ee 
TA 
lies on the axial line, we have 0 = 0°, so 
Pasul pceos0° I p (C. cos 0° = 1) 


Ane r? Ê cos? 0? Are r- P 
IEl<<, , then electric dipole is very short ; and 


va) P 
ATE, r? 


the equatorial line, 9 = 90°, so that V = 0. 


(for a point on axial line) 


, If P lies ii 


atte © Electric Potential 3.29 
WORK DONE IN ROTATING AN 
ELECTRIC DIPOLE IN A UNIFORM 
ELECTRIC FIELD 

Suppose an electric dipole of dipole moment p(= q 20) is rotated 
in a uniform electric field £ through an angle @ from its stable 


equilibrium position. The work done by an external agent in 


rotating the dipole further from this position through a very small 
angle d@ is 


dW = couple x angular displacement = (pF sin 8) d0 
This work will be done on the dipole by external agent as it is 
being rotated against its natural tendency (which is to align itself 
along the direction of the electric field). Hence, the work done 


in rotating the dipole through the angle @ from its equilibrium 
position is 


0 
W = Í pE sin 0d0 = pE{—cos6]? 
0 


= pE[-cos 0+ cos 0] = pE[1 — cos €] 
= W siema =p E(1 — COS O) 


POTENTIAL ENERGY OF AN 


ELECTRIC DIPOLE IN A UNIFORM 
ELECTRIC FIELD 


Let us assume that V, and V 
are the potentials at the points 
where +q and -q are placed. 
The potential energy possessed 
by the dipole is equal to the 
work done by an external 
agent to bring the charges from 
infinity to the given points. 
U= aT tah FQ) 


"q 


S 


ns. 
oF Ss | 
aw ` . 


-gq 


LA dipole J in an electric field 
possesses potential energy U. 
ee Sa Sa S. 


=q(V,-V)=q4AV 
AV=E-Al =E.-1 PA 
=q(-E 1)=-ql E 

where ee 
ql = p o 
U=-p: E=-pEcos@ ...(i) Gis the angle between P and £ 
where @ is the angle between 

p and E. 


Note; When a dipole rotates from an initial orientation @, to 
another orientation @,, the work W done on the dipole by the 
electric field is 
W=-AU=-(U,~ U) = -PEtcos 8, cos 8) 
where U, and U, are calculated with Eq. (i). If the change in 
orientation is caused by an applied torque (commonly said to be 
due to an external agent), then the work W, done on the dipole 
by the applied torque is the negative of the work done on the 
dipole by the field, that is, 
W, =-W= (U,- U) = -pE(cos 0,— cos 0) 


3.30 Electrostatics and Current Electricity — 


Two point charges of 3.2 x 10° C and -3.2 X l g C are 
separated from each other by 2.4 x 10° m. The dipole j 
situated in a uniform electric field of intensity 4 x 105 Vm”. 
Calculate the work done in rotating the dipole by 180°. 


‘Sol. Work done in rotating the dipole by angle @ is 

W = pE(\-cos@) (here 0 = 180°) 
= pE{|-(-l] =2pE = 2qd E 
= 2X3,2x10 X2.4x10 x 4x10") 


= 61.4410) 


What is the potential energy of the charge and dipole system 
shown in figure? 


k— amis 4 


\— 


+ sa ——e —[ a 
q 


IS Electric field due to point charge at the centre of the 


dipole. £ = ee 


aS q P 
OHO >E 


Ame, a° 
Hence potential energy of the system 
U =-pE coso=-—4~ (0=0°) 
47€ 


A short dipole is placed 
along the x-axis atx =x as 
shown in figure. 

(a) Find the force acting 
on the dipole due to a 
point charge g placed at the origin. 

(b) Find the force on the dipole if the dipole is rotated by 
180° about the z-axis. 


(a) Electric field due to point charge at the position of the 
l g 
dipole, E, = —— — 
P 1 4nE, x 

The potential energy of the charge particle and dipole 


system, U = -px É, 


za -pE Cos he = 
Anex" 


The force acting on the dipole due to a point charge, 


p=-2U P1 
ox  2re,x 


Negative sign indicates that force on dipole iş towar 
positive y-direction or the force 1s attractive. the 
Now the dipole is rotated by 180° about the z-axis 


b 
(b) i 
q pa 
eeM 
x 
The potential energy of the charge pa and dng 
system, U = -PX £, = — pE cos180° = Te 
_oU __py 


The force acting on the dipole F = ax 2ne,x 


Positive sign indicates that force on dipole is toward te 
positive x-direction or the force is repulsive. 


fa} ad 
he ap F 


Figure shows two dipole _, 5 
moments parallel to each 71 4 a Py $ N j 
other and placed at a 


distance x apart. What is : 


the magnitude of force of 
interaction? What is the nature of force, attractive or repulsive? 


Potential energy of dipole system, U = —p, x A 


E, is the field due to p, at p,, E,, = A 
"ATE, x” 
P, ¢ P» y 
Mok ERE E ae >A 
i. ses 
>| E 
x 
Hence, U = —p, Pi cosm = De 
Ane x 4m€. x 
The force acting on the dipole, F = _9U seS LAR 
Ox 4me, x 


F comes out to be positive, so it is a repulsive force. 


For the electrostatic charge 3 
system as shown in figure, p 
find the electrostatic energy 
of the system. 


< 
í 
4 


aks ; i hie 
Sol. The total electric potential energy consists of interac", 
of all the three charges among themselves and interaction ' 
these three charges with dipole, So 
PE of the system is j 
U=(3 pairs of charged particles) + (3 pairs of dipole and ch?” 

particles) = U, + U, 

Fhe potential energy of interaction of all the three charges. 


U, = [te +l t 
4ne, /2a 4ne, 2a 


p ~ 


ya 


e 

m 2 
= 
= 
ga 


— 


energy of interaction of the charges and dipole 


4 a potential 


| 


U, S=D Lis = Puli E ii 


a _ Electric field at the position of the dipole due to the 
pere " ticle placed above the dipole 
e PRs ; , 

Electric field at the position of the dipole due to the charge 


z liet d left of the dipole 


a 


R 
wil : TM ` 
j ken? Electric field at the position of the dipole due to the 
sre particle placed right of the dipole 
cies 5 
As P’ Bis =p Even = 0 
Because electric fields produced by left and right charges are 
perpendicular to Pp.) 


=F 4 l pq 
eI) =-p: -E =-2p: cos 7t = —— -4 
nE Ua RA g j | 2) Ame, a? 


( 


Hence potential energy of the system, 


I g I g l1 pq 
U=2 —— + + —_ — 
E £) 


ATE, 2a 4TE, a? 
CONCEPT APPLICATION EXERCISE 3.5 


1. State the following statements as True or False. 

(a) Electric potential at any point on the bisector of a 
dipole is zero. 

(b) Adipole experiences maximum torque at the position 
where potential energy is zero. 

2. Figure shows four orientations of an electric dipole in an 
external electric field. Rank the orientations according to 
the 
(a) magnitude of the torque on the dipole, and 
(b) potential energy of the dipole, greatest first. 


(1) © (+ (2) 


“T+ )(4) 


(3) + 


3. (a) In question 2, if the dipole rotates from orientation | 
to orientation 2, is the work done on the dipole by the 
field positive, negative, or zero? . 
(b) If, instead, the dipole rotates from the orientation l to 
orientation 4, is the work done by the field more than, 
| less than, or the same as in (a)? 

‘A neutral water molecule ( H,O) in its vapour state has an 
electric dipole moment of magnitude 6.2 x 10- Cm. 
(a) Ifa molecule is placed in an electric field of 1,5 x 10 

NC", what maximum torque can the field exert on it? 
(Such a field can easily be set up in the laboratory.) 
How much work must an external agent do to murp 
this molecule end for end in this field, startıng from 
its fully aligned position, for which 0 = 0? 


-Electric Potential _ 3.31 


5. An electric dipole of length 4 cm, when placed with its 
axis making an angle of 60° with a uniform electric field, 
experiences a torque of 4/3 Nm. Calculate the 
(a) magnitude of the electric field, and 
(b) potential energy of the dipole, if the dipole has 

charges of +8 nC. | 

6. An electric dipole consists of two opposite charges each of | 
magnitude | mC separated by 2 cm. The dipole is placed | 
in an external uniform field of 10° NC"! intensity. Find the 
(a) maximum torque exerted by the field on the dipole, and | 
(b) work done in rotating the dipole through 180° starting © 

from the position 0 = 0°. 

7. What is the potential energy of dipole with charge particles 
system as shown in figure? 


fs 


o— F —o— 
+q +q 


4 —a—+>\4— a 


8. The potential energies associated with four orientations 
ofan electric dipole in an electric field are (1) -5U 
(2) -7U,, (3) 3U,, and (4) 5U,, where U, is positive. Rank 
the orientations according to the 
(a) angle between the electric dipole moment P and the 

electric field E, and 
(b) magnitude of the torque on the electric dipole, greatest 
first. 

9. A charge +q is carried a, 
from point A (r, 135°) to — 
point B (r, 45°) following 
a path, which is a quadrant 
of circle of radius r (see 
figure). If the dipole À 
moment is P, find the work P 
done by the external agent (assume short dipole). 

10. Two dipoles p, and p, are placed along the same axis at a 
distance x apart as shown in figure. What is the magnitude 
of the force of interaction? What is the nature of force, 
attractive or repulsive? 


ow 


P, P» 


ANSWERS 


1. (a) True (b) True 

2. (a) Torque is same for all (b) (1, 3) and (2, 4) 
3. (a) Electrical fields do positive work (b) Same as (a) 

4, (a) 9.3 x 10 °° N-m (b) 1.86 x 10 5J 

5, (a) 2.5 x 100 NC '! (b)—4J 


6. (a) 0.002 Nm (b) 0.004 J 


7. Zero 8. (a) 4,3, Land2 (b)3>1l1=4>2 
J -3 
9. ee eaa 10. —— PP» (attractive) 
ANE r LNE x 
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VAN DE GRAAFF GENERATOR 


i ici surrent 
A Van de Graaff generator creates static electricity. | T 
generated by a Van De Graaff generator remains the same, 
the voltage changes according to the applied load. 


We provide charge to a metal body it will spread i i rar 
surface of it. We can transfer complete charge of a meta ie the 
< another hollow metal body, if we put the charged eee ne ee 
hollow metal body and the two are connected by a se He re 
of the charge of inner body will flow to the outer _— 
hollow body as shown in figure. 


As we know, that whole of the charge given to a metal body 
spreads on its outer surface, no matter how large charge is. This 
concept can be used to develop very high charges in a Van de 
Graaff generator. 


The Van de Graaff generator is a device that produces intense 
electric field (building up high voltage of a few million volt). 


Consider a small conductor carrying a positive charge q kept 
inside the cavity of a large conductor. The electric field lines that 
leave the positive charge g must end on the inner surface of the 
large conductor irrespective of charge on the outer surface. The 
potential on the inner conductor must be higher because electric 
field lines begin from it and end on the larger conductor. 


If the two conductors are now connected by a conducting wire, 
all the charged originally on the smaller conductor will flow 
to the larger one. The positive charge transferred to the larger 
sphere resides completely on the outside surface of the larger 
conductor. This process can be repeated indefinitely to produce 
large potential on the outer conductor. 


Consider a shell of radius R and charge O enclosing a smaller 


sphere of radius and charge g. The potentials of the two spheres 


are 
C 
V(R) o (2. Al 
4meé,\ RR 
and V(r)= (2. 4 
4me,\ Rr 
The potential difference between the two inner and outer 
sphere is 
Vir)—V(Ry = 4 $ J 
Ane, ,\r R 


i Thus ia Positive q, wh nitude and sign of Q, 
e small sphere is at a higher potential than the shell. When an 

Provided the charge would flow fr > smi 

sphere to the shel]. nea 


Insulating belt to 
carry and deliver 
charge 


Insulating 
supporting 
column 


Motor driver 
Pulley 


Grounded 
mental base 


Metal brush 
delivering charge 
from source 

The construction of a simple Van De Graaff generator is giver 
in figure. A motor is required to turn the belt at a constant spes 
around the two rollers. The lower roller is built of a material tha 
has a stronger triboelectric property. Now when the motor Start 
turning the belt around the lower roller, electrons are Captures 
from the insulated belt onto the lower roller. Slowly more and mor 
charge becomes concentrated on the roller. This phenomenon 
concentration of charge results in repelling the electrons from te 
tips of the brush assembly. It also starts to attract electrons frog 
the air molecules between the lower roller and brush assembly 
Due to this phenomenon, the positively charged air moleculs 
get carried on the belt away from the negatively charged rolle 
The belt therefore gets charged positively and moves towan 
the upper rollers. 

The upper roller is made from or coated with a material thats 
higher up in the triboelectric series such as nylon due to whichi 
tries to repel the positive charge on the belt. The upper brush 
directly connected to the inside of the Output terminal or sphet 
at one end and almost touches the upper roller and belt at È 
other. The electrons in the brush become attracted to the posin 
charges on the belt. The air particles break down too and the fit 
electrons move towards the belt. The sphere takes up all of ik 
charge and the excess charge gets spread to the outside of Ü 
terminal output or sphere. It is this simple electrostatic effect Ù 


allows the Van De Graaff Senerator to output verv high volta 
continuously. o 


ii. Solved Examples l 
—— amples ë ë 


A small sphere is charge 
Alu, v) so that at point B ( 
E = ($4) 472 
Calculate: 


d unitormly and placed at poin ] 
8 m, 7 m) electric field strength ! 


DNC and potential is + 900 volt. 
(a) magnitude 


of charge, 
(b) co-ordinat 


co- es of point 4, and 
(©) if di-electric Strength of air 3 x 10° 


| | Vm", minimum 
Possible radius of the sphere 


otential due to sphere is positive, therefore, it is 


| ) 8 sin mitvelY charged. Let magnitude of charge on sphere be q 
pos ind le at distance - AB be equal to r. 


g. V =9x10° £ = 900 volt 
i 


yeni at sett) 
| Magnitude of Electric field at B is 
p=9x10 -4 = 454 +72? NC 
z 
x10’ = 90 NC" .. (il) 


pividing Eq. (i) by (1), 7 = 10m 
subtracting this value in Eq. (1), we get q = 10° coulomb or ie 
d since isa positive charge, therefore AB L E or 22 AB E 
(S-uwyit(-V) 54i +72) ja lE| 
r 90 

(8-u)i+(7-v)j = 61 +8) 
u=2m and v=-lm 

or coordinates of point A are ( 2 m, —1 m) 


(c) Since. minimum radius of sphere corresponds to electric 
feid strength at surface of sphere to be equal to dielectric 
strength of air. 


Therefore radius R of sphere is given by, 


9x10? = 3x10" Vn" 


J30 cm = 5.48cm 


= R= V3x10° m= 


Two conducting spheres of radii r, and r, are connected by a 
metallic spring of stiffness k and natural length /(>>r, and r,). 
A positive charge +Ọ is slowly delivered to any sphere. 

(a) Find the charge on each sphere. 


(b) What is the value of Q, if the equilibrium separation 
between the sphere is 21? 


Sol, Both the sphere will have same potential. v= YT, 


tE Th 


F l NERE 
"ee body diagram of sphere 1 at equilibrium 


F cts 
1 KI 


. $ 3 
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Qn |) Oh 
_! 20, _ Li ee 
Ame, (2 AME, 41° 


Q’ A h) , = KI 
Ane, 4? (ntny 


T 16K mEt ERY 


ne 


=> O=4(r, tor f 


Two concentric shells of 
radii R and 2R are shown in 
figure. Initially a charge q is 
imparted to the inner shells. 
Now key K, is closed and 
opened and then key K, is 
closed and opened. After the 
keys K and K, are alternately 
closed n times each, find the 
potential difference between the shells. Note that finally the 
key K, remains closed. 


“Sol. ) When K, is closed first time, outer sphere is earthed 
ant the potential on it becomes zero. Let the charge on it be q.. 
Potential due to charge on the inner sphere and that due to charge 
on the outer sphere is 


ifa a | 
yV '= —+—|=0 or q=- 
Ane, E 2R as 
When K, is closed first time, the potential V; on the inner sphere 


becomes zero as it is earthed. Let the new charge on inner sphere 
be q, 


l ¢ > l , 
ome os ee) or 4, -4 

Ane, R 4rE, (2R) - 2 
Now when K, will be closed second time, charge on the outer 
sphere will bò -q'i .e., —q/2. After one event involving closure 
and opening of K, and K,, charge is reduced to half its initial 
value. 


Similarly, when K, will be closed n™ ame, charge on the outer 

, q l l 
sphere will be ~ -py as each time charge will be reduced to half 
the previous value. 


After closing K, nth time, charge on inner shell will be negative 
of half the charge on the outer shell, i.e., (-¢g/2") and potential on 
it will be zero. 


For potential of the outer shell, 


I (+q/2") 1 (-q/2"") 


3.34 FElectrostatics and Current Electricity ee eee 


_~U-1+2)_ 9 
4ne,2"*' R ATE, one R 


- -q 


a DS ee ee oe 
Potential difference, V, - V; = Ane, 2" R Ane, 2" R 


Two concentric spherical l y 

shells have radii R and 2R. ss. Hold 
The outer shell is grounded 

and the inner one is given (pr 

a charge +Q small particle EF. 


having mass m and charge ~ 
—q enters the outer shell : 
through a small hole in it. The speed of the charge entering 
the shell was u and its initial line of motion was at a distance 


a=~2R from the centre. 
(a) Find the radius of curvature of the path of the particle 
immediately after it enters the shell. 
(b) Find the speed with which the particle will hit the inner 
sphere. 
Assume that distribution of charge on the spheres do not change 
due to presence of the charge particle. 


(a) Charge -Q is induced on the inner 
surface of the outer shell. There is no 
charge on the outer surface of the outer 
shell as it is grounded. | 

An electric field exists in the space between 
the two shells in radial outwards direction. 


E-K for R<x<2R 
X 


Just after the charge enters, it experience a force due to this 
electric field directed towards the centre. 


Qq 
(2R) 
Component of this force perpendicular to the direction of 
instantaneous velocity u is 


F, _ rsing= FR eK Qq 


IR J2 WR 


2 
If radius of curvature of the path is r then, Le F 


le 
mu’ __KqQ pe 164/2 ne, R?mw’ 
ro 4J2R? Qq 
(b) The potential difference between the two spheres is 
hn Yon =( K-42) 2 _ KO 
R 2R 2R 2R 2R 


Applying conservation of energy for the charge entering the 
shell gives: 


AK +AU=0 = K,+U,=K,+ U, 


l 
Ln F (—q)V inner =z mu’ + (— QV outer 
2 


Lay = mi + q (V nner g A ) 
er OM sya lit Qq 
a” 3 mt 8re,R 4€,mR 


canna 


Four charge the particles 

each having charge Q 

are fixed at the corners of 

the base (at A, B, C, and 

D) of a square pyramid 

with slant length a 4 
(AP=BP=DP=PC=a). 
A charge —Q is fixed at 
point P. A dipole with 
dipole moment P is 
placed at the center of 
base and perpendicular to its plane as shown in figure. Find: 
(a) the force on dipole due to charge particles, and 


(b) the potential energy of the system. 


wee ew ew eee 
“<<. 


-—»- -|------->p'y 


a e i a a i a a d a 
-~ 


a) Charges at A, B, C, and D are placed at an equilatenl 
position of dipole. Hence, the force on each of them due n 
dipole is 
Pe Qp : 
ATE, (a / 42 ) 


This force is downward on charges. Hence, force due ® 
these charges on dipole is 4F, (upward). Force on dipole 
due to charge at P is l 
2 
F, = ME ~(upward ) 
ATE, (a a2 ) 


Net force on dipole is 


u=4| Le ha wy 2 
ATE, a 4ne,J2a 4e, a 


(b 


— 


PE of the system is 


U = (10 pairs of charged particles) + (5 pairs of dipole a 
charged particles) 


As potential energy of the dipole with four charges at AB 
C, and D will be zero, 


U = d Q- + 2 l a 4 l Q` 
ANE, 


ATE, a V2a 7 4ne, a 
l| pd 
ATE, (a/ ND ) 
Q’ pO 


2V2 me,a nea’ 


sphere of radius R 
e is placed in a 
pavi “xterm field £. QO is the 
io the sphere and A is a point 
pentre © face of the sphere such that 
| on ie vn angle of & = 60° with 
4o™ site direction of external 
ie OPP ulate the potential at point 
na f charge on the sphere only. 
sphere is conductin 
otential at O, V, = V 
ts A and O should be due to electric field 


i pnducting 


g hence the potential at 4 should 


| equal to potential a 
net potential at pom 
ne due to charge (Q) 


| Ve tVig = Vor + Voo 
are the electric fields at A due to electric field 


V0 are the electric 


p and charge (Q) respectively. And V; and 
gelds at O due to electric field (E) and charge (Q) respectively 


Ve tF = Vog 
Q 
| ERe088,+V 10 = re R 
| 1 Q ER 
He ap D 
4re R 2 


A nonconducting disk of radius a and uniform positive 
surface charge density O is placed on the ground, with its 
axis vertical. A particle of mass m and positive charge q is 
copped, along the axis of the disk, from a height H with zero. 
initial velocity. The particle has g/m = 4€,g/0. ee 
(a) Find the value of H if the particle just reaches the disk. — 
(b) Sketch the potential energy of the particle as a function of 
its height and find its equilibrium position. 


(a) Given that a is the radius of disk, o is the surface charge 
density and g/m=46,g/0. The kinetic energy of the 
particle, when it reaches the disk, can be taken as zero. 


Potential due to a charged disk at any axial point situated 


at a distance x from O is Z 
ẹ(m,q) 
V(x)= Hva + - x] 
Ey 


Hence, 
V(H)= Na +H’ -H] 
0 


ad ¥(Q)=—2 
2 0 

„ccording to the law of conservation of energy, We have 

e loss of gravitation potential energy is equal to the gain 


m electric potential energy. 


mg H = qAV =q (0) -V 
P Ba (i) 
=qla-t (a +H’)- Hise 


We are given 


Putting this in Eq. (1), we get 


mg H =2mgla-( (a? +) -EH 

o Helari- da +A] 
=2a+2H -ula +H’) 

or 

2J(a’ +H’) =H + 2a 
or 4a? + 4H? = H + 4a’ + 4aH 
or 3H? =4aH 
or H= = (Since H = 0 is not valid) 


(b) The total potential energy of the particle at height x is 
Oo 7 
U(x) = mgx+ qV (x)= mge+ 5 — (Nae +x — x) 
0 


= mgx +2mg +| Ja +x’) -x| 
= mg [24 (a +x") -x] (i) 


For equilibrium 4 
dU _ 0 g 
de 2mga 2 il 

This gives \V3mga |. -œ> 
x= al J3 

From Eq. (ii), graph 

between U(x) and x can z = 

be plotted as shown in O a3 H= 4a/3 

figure. 


Three concentric conducting shells of radii a, b, and € are 
shown in figure. Charge on the shell of radius ò is Q. Ifthe key 
K is closed, find the charges on the innermost and outermost 
shells and the ratio of charge densities of the shells. Given 


thata: b:c=1:2:3. 


After closing the key, the innermost and outermost shells 
will be at the same potential. Let the charge on the outer shell be 
q and that on the inner shell be —g, then the total charge on inner 
and outer shells is zero, 


3.36 Electrostatics and Current Electricity f B E = 
On third contact, again 


Potential on the innermost shell 


V = Sum of potentials due to —g, Q, and q 


=4,2.9 
a b c 
Similarly, the potential on the outermost shell 
Vee yt 
cC ce c 
As V, =V., we have 
M8 4 E a A i 
a b c ¢ E © 


From the given conditions, c = 3a, b = 2a. 
Equation (i) now becomes 
4,2. 4,2 
a 2a 3a 3a 
or q= a 
Thus, the charge on the outermost shell = Q/4, and the charge on 


the innermost shell is -(Q/4). 


ae ato | 
“ Anah 4) 


aTe e 
?” 4mb? 


4n(4a°) 


vaalit 
“4c? 4) 162(9a’) 


A conducting sphere S, of radius r is attached to an insulating 

handle. Another conducting sphere S, of radius R is mounted 

on an insulating stand. S, is initially uncharged. 

S, is given a charge Q, brought into contact with S, and 

removed. S, is recharged such that the charge on it is again 

Q, and it is again brought into contact with S, and reno 

This procedure is repeated n times. 

(a) Find the electrostatic energy of S, after n such contacts 
with S. 

(b) What is the limiting value of this energy as n — œ? 


(a) When S, and S, come in contact, there is transfer of charges 
till the potentials of the two spheres become equal. During 
first contact, 


V.=V, (q, charge shifts from S, to S,) 
K(Q-q,) -Ka o s-o ) 
R+r 


f R 
During second contact, again 
V, = K; 
K[Q- (q4; -4,)] = Kq, 
r R 


[(4, — 4,) charge shifts from S, to $] 


o | R RY 
1 -E 


y=; 


=> P R | 


[(q, — 7,) charge shifts from S, to S,] 


nfi eles) 


On nth contact, by symmetry 


V, 3 V, 
KIO =(4, — 4-1 )] =i Kq, 
r R 


[(q, — q, ) charge shift from S, to A 


R A i R Y 
nolalar) Á (5) | 
_OR TES] 
or R+r 


The electrostatic energy of S, after n contacts is 


2 R R Vl) 
"E e E Ce -( l 
""2C 2 4neR |r R+r | 


(b) The limiting value is 


RYT 
Lt U,=Lt ax |= 1-( | 
n—oo n>o| 2 47e,R r IF a | 


__ QR 
2(47€, )r° 


Two isolated metallic sold hee of radii R and R 
charged such that both of these have same charge 
o. The spheres are located far away from each other a 
connected by a thin conducting wire. Find the new charg 
density on the bigger sphere. 


“Sol. For sphere of radius R [see Fig. (a)], 


(a) 


ge di f 
47rR- 
or q =0 X 4rR 


For sphere of radius 2R [see Fig. (b)], 


L(—— ie 


d 
O= TORY 


| q =O x 162R 
oo o? x , 
n the two spheres are connected, the potential on the two 


ee will be the same. There will be a rearrangement of ch 
sph 


jor this t0 happen. 


‘and q, be the new charges on the tw 
Let ai rge remains the same, we get 
tota 


arge 
0 spheres. Since the 


qi +9) =q,+q,=0 * 207 R? 
| 2 


...(i) 
„lso, since P, = P; 
qg ol I 
ATE R ANE, 2R 
„_ i . 
| ar’ ic) 


substituting the value of q; from Eq. (ii) in Eq. (i) 


' 
42 4! =o x 207R- 
s 2 


342 <x 200R? 
ir 
q; o 5 
¢ =o. 
4n(2R! 3 2 
New charge density on the bigger sphere is 
eS 
4n(2RY 6 


The potential in the electric field varies as V= ar +b with 
respect to x-coordinate, where a and b are constants. Find the 


charge density p(x) in a space. 


‘Sol The electric field E is present along x-axis because 


—-j = 2axi (1) 
X 


According to Gauss’s law, the net flux of E out of the cubical 
Gaussian surface is 


E(x+ dx) A~ E(x) A= 24 


Eo 
JE 
= 5 dbx = 29 
X Ey 
or r H2) 20 (ii) 
| dx Ey \ Adx Ep 


Usi 
ng Eqs. (i) and (ii), 


6 
x Ey 
3 P(x) = 2ae, 


= 


E oo o Electric Potential 3.37 


A positive charge +Q is fixed at a point A. Another positively 
charged particle of mass m and charge +q is projected from 
a point B with velocity u as shown in figure. Point B is at a 
large distance from A and at distance d from the line AC. The 


initial velocity is parallel to the line ee 
AC. The point C is at a very large á 
distance from A. Find the minimum d 


distance (in meter) of +q from +O 
during the motion. Take Oq=4ne, +0 
mud and d= (/2 ~ 1) m. 


“Sol. The path of the particle will be as shown in figure. At 
the point of minimum distance (D), the velocity of the particle 
will be L to its position vector with respect to +O. Applying 
conservation of angular momentum, we get 

mud = mF œ Or VF in = ud 


Now by conservation of energy 


l 
zime +0= Lm? + KQq 


= Tin 
2 > 2; 
l 4,4 d~ \ mud 
or —mu*|1— = 
2 Ba? r. 
E min min 


l- KOg = mwd (given}] 
A ~ 2hnind E d? =0 


or 
2d + J4d? + 42° 5 
or mi S A 


= =d(ltvV2) 
Since distance cannot be negative 


F in J dd + V2) 


Two point like charges q, 
and q, are fixed in free space. 
At every point on the curve 
shown, the net electrostatic 
potential created by these 


charges is V. Find the T 
separation r between the 
charges. 
Sel) The electric field is ia 
zero where equipotential j oe sS 
surface cuts. At P 
i | dh O— r er, oF: 
|E|= |E, \ Pp oa, 
4 eg P 
or ki = ki — — 
ñ Ky i E 
q o 
l i 
or | L) = (1) 
h h 
, q d fe 
Also V =k + k+ (ii) 
t by 
and FFith (1) 
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From (1) and (iii), 


Ja 


rja and ⁄ = oo ce 
q d 


E q+ Va 


From (ii) and (iv), 


y ola eg | 
ANE) rda rda 


(iv) 


_ (Ja. + Jd) 
oe ime WH TNS 
Hatay 


ATE V 


or 


Two small metal spheres A and B, each of radius r and 
supported on insulating stands, located at a distance 
a (a >> r) from each other are connected by a thin conducting 
wire. A point charge q is brought near the spheres at distance 
] (ql >> r) on the line joining the centers of the spheres. What 
are the moduli of charge induced on the spheres? 


Let charges —q’ and +q’ be induced on A and B, respectively. 
Se potential due to its own charge 
+ potential due to charge placed at O 
+ potential due to charge placed at B 


= (Ky? (Ky 1+ (KL i) 
r l a 
Similarly, potential of sphere B is 
pa potential due to its own charge 
+ potential due to q 
+ potential due to —q 
q’ q (9) P 
=(K)— +K rn tA (il) 


AS v= Vy 
k(t) (E) 
r l a 
=x(L)+«( zi Jex(=2] 
r l+a a 
a 


cf 
2| i(l+a)(r—a) 


Asr <<a, 


qar | 


,_ 9 Z- 
q =z iqra] +a) 


A particle of mass m = 0.1 kg and having positive char 
gq = 75 uC is suspended from a point by a thread of len at 
] = 10 cm. In the space, a uniform horizontal electric fiel 
E = 10‘ NC” exists. The particle is drawn aside so that th 
thread becomes vertical and then it is projected horizontal, | 
with velocity v such that the particle starts to move along, 
circle with the same constant speed v. Calculate the radius of 
the circle and speed v (g = 10 ms”). 


n Weight mg of the particle acts vertically downward ang 
force gE horizontally. Therefore, in equilibrium position, the 
thread is inclined to the vertical. Let, in static equilibrium of 
the particle, inclination of the thread with the vertical be q and 


tension be T S 


O 
-KO E 
wh = T 
T (4) f 0 > 


Radial ( 8 > qE 


line „7⁄7 (Rs. gE sin 6 
Ke | x ( 


mg sin 0 mg cos B 


mg 


Considering free body diagram, 


Tysin@=qE and T, cos 0= qE 
> tno= or 0=37° 
mg 


The particle moves along a circle with constant speed. This ® 
possible only when the thread traces the surface of a cone wh 
axis is inclined at an angle @ with the vertical. This arrangem® 
is now called conical pendulum. 


Note: The axis of.a conical pendulum is always along the thre 
when the particle is in static equilibrium position. 


Horizontal velocity imparted to the particle must be perpendicl® 
to the direction of electric field. Radius of the circular path" 
r= Í sin 0= 6 cm. 

T . Jog 
Now considering free body diagram of the revolving particle 7 i 
resolving the forces normal to the direction of resultant for 
(centripetal force), 

T cos 0 = mg cos 0+ gE sin @ 
= 1.5625 N 

Now resolving the forces along the direction of resultant for 


? 
qE cos 0+ T sin 0- mg sin 0 = aait 
P 


or v=0.75 ms"! 


B, 


x the correct statement: . 

If E is zero at a certain point, then V should be zero at 

that point. — 

») If Ẹ is not zero at a certain point, then V should not be 

(4, zero at that point. 

a) If y is zero at a certain point, then Æ should be zero at 
that point. l l 

(4) If V is zero at a certain point, then E may or may not 
be zero. . 

An uncharged conductor 4 is brought near a positively 

" charged conductor B. Then . 

(1) the charge on B will increase, but the potential of B will 
not change 

2) the charge on B will not change, but the potential of B 
will decrease 

(3) the charge on B will decrease, but the potential of B will 
not change 

(4) the charge on B will not change, but the potential of B 
will increase 

3, The electric field lines are closer together near object A than 

they are near object B. We can conclude that 

(1) the potential near A is greater than the potential near B 

(2) the potential near A is less than the potential near B 

(3) the potential near A is equal to the potential near B 

(4) nothing about the relative potentials near 4 and B 

4. Mark the correct statement: 

(1) An electron and a proton when released from rest in a 
uniform electric field experience the same force and the 
same acceleration. 

(2) Two equipotential surfaces may intersect. 

(3) A solid conducting sphere holds more charge than a 
hollow conducting sphere of the same radius. 

(4) No work is done in taking a positive charge from one 
point to another inside a negatively charged metallic 
sphere. 

5. Variation of electrostatic potential along the x-direction is 


shown in figure. The correct statement about electric field 
is 


(1) x-component at point B is 
Maximum 
(2) x-component at point A is 
r toward positive x-axis 
) *-component at point C is along 
negative x-axis 
*-component at point C is along 
positive x-axis 
n the positively charged hanging pendulum bob is made 


xed, the work done in slowly shifting a unit positive charge 
om infini 


Exercises 


7. 


10. 


11. 


. An electron is taken 


In moving from A to B along 
an electric field line, the 
work done by the electric 
field on an electron is 
6.4 x 10" J. If ġ, and @, are 
equipotential surfaces, then 
the potential difference 
-V is 

(1) -4V 

(3) zero 


V. 


C 


from point A to point 
B along the path AB 
in a uniform electric 
field of intensity E = 
10 Vmr'. Side AB = 5 
m, and side BC = 3 m. 


Electric Potential 


0 


—— 


3-97 


Then, the amount of work done on the electron by us Is 


(1) 50 eV 
(3) —50 eV 


point is shown in figure. 
VIN 


(2) 40 eV 
(4) —40 eV 
. The variation of potential with distance R from the fixed 


0 1 2 3 4 


The electric field at R = 5 m is 


(1) 2.5 Vm" 
(3) 0.4 Vm"! 


Figure shows two 
equipotential lines in the xy 
plane for an electric field. 
The scales are marked. 
The x-component and 
y-component of the field 
in the space between these 
equipotential lines are, 
respectively 

(1) +100 Vm"', -200 Vm! 
(2) -100 Vm', +200 Vm” 
(3) +200 Vm, +100 Vm"! 
(4) -200 Vm', -400 Vm"! 


y (cm) 
4 


~ 


6 Rim 


(2) -2.5 Vm" 
(4) -0.4 Vm"! 


6V 


A large insulated sphere of radius r charged with O units 
of electricity is placed in contact with a small insulated 
uncharged sphere of radius 7’ and is then separated. The 
charge on the smaller sphere will now be 


ty to P is V. If the pendulum is free to move, the O(r' +r) 0's 
c ; LU Trl 
D ronding work done is V’. Then (3 r' (2) 7 
8) vey orar 6) 2 4) 2 
iá (HA V<V’ wer (@) rtr 
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12. When a 2 uC charge is carried from point 4 to point B, the 
amount of work done by the electric field is 50 pJ. What 
is the potential difference and which point is at a higher 


potential? 
(1) 25 V, B (2) 25 V,A 
(3) 20 V, B (4) both are at same potential 


13. An electric field is expressed as Ē=2i+3j. Find the 
potential difference (V, — ’,) between two points A and 
B whose position vectors are given by r, =j+2j and 
r= 2i+ j +3k. 
(1) -1 V (2) 1V 
(3) 2V (4) 3V 
14. The potential function of an electrostatic field is given by 
V = 2x. Determine the electric field strength at the point 
(2 m, 0, 3 m). 
(1) E=4i(NC") 
(3) E=si (NC) 


(2) E=-4i(NC") 
(4) -Ē = -8i (NC™') 


Š "a 
15. Two spherical conductors of / A 
radii R, and R, are separated ( ara ) 
by a distance much larger E? tas 3 
than the radius of either Qa 


sphere. The spheres are 
connected by a conducting wire as shown in figure. If 
the charges on the spheres in equilibrium are q, and q,, 
respectively, what is the ratio of the fieid strength at the 
surfaces of the spheres? 
(1) RJR, (2) RIR 
(3) R/R, (4) RIR 
16. There is an electric field EF in the x-direction. If the work done 
by the electric field in moving a charge of 0.2 C through a 
distance of 2 m along a line making an angle 60° with the 
x-axis is 4 J, then what is the value of E£? 


(1) J NC“! (2) 4 NC” 
(3) SNC? (4) 20 NC” 
17. As shewn in figure, a  30nC f 3.0 nC 
dust particle with mass iy le 
m = 5.0 x 10° kg and 1.0 1.0 1.0 
cm cm cm | 


charge g, = 2.0 nC starts 
from rest at point a and moves in a straight line to point b. 
What is its speed v at point b? 

(1) 26 ms” (2) 34 ms"! 

(3) 46 ms”! (4) 14 ms” 

18. Two charged particles having charges 1 and —1 uC and of 
mass 50 g each are held at rest while their separation is 2 m. 
Now the charges are released. Find the speed of the particles 
when their separation is 1 m. 


(1) ems 


(2) ers | 


3.4 

(3) io 
19. A100 eV electron is projected directly toward a large metal 

plate that has surface charge density of -2.0 x 10° Cm a 

From what distance must the clectron be projected, if it is 

to just fail to strike that plate? 

(1) 0.44 mm (2) 6.20 mm 

(3) 1 mm (4) 0.30 mm 


(4) Ems 


l 20. A point charge q is placed inside a conducting sph, > 


22. 


23. 


24. 


25. 


26. 


: Phe : 
shell of inner radius 2R and outer radius 3R ata distan 


R from the center of the shell. Find the electric Potenti of 


al, 
the center of the shell. a 
hdl ) Ane 
() 4nc, 2R ` 47t€, 3R 
i 2 
3) 121 (4) 4 
Are, OR TE, 


n charged drops, each of radius r and charge q, coalesce 


form a big drop of radius R and charge Q. If V is the electr, 
potential and E is the electric field at the surface of a droy 


then B 
(1) Epig = 1? a (2) Veig =n Vernal 

y = WE i (4) Voie = uT 
(3) T big 


Four identical charges are piaced at the points 

(1, 0, 0), (0, 1, 0), (-1, 0, 9), and (0, —1, 0). Then, 

(1) the potential at the origin is zero 

(2) the electric field at the origin is not zero 

(3) the potential at all points on the z-axis. other than ihe 
origin, is zero 

(4) the field at all points on the z-axis, other than the origin, 
acts along the z-axis 

Two point charges Q and —Q/4 placed along the x-axis az 

separated by a distance r. Take —Q/4 as origin and it is placed 

at the right of Q. Then the potential is zer 

(1) atx =7/3 only 

(2) at x = —r/5 only 

(3) both at x = 7/3 and at x = —r/5 

(4) there exist two points on the axis where the electric feli 


is zero 
The electric potential decreases uniformly from 120V 
to 80 V as one moves on the x-axis from x = -1 cm 


x= +1 cm. The electric field at the origin 
(1) must be equal to 20 Vem"! 

(2) must be equal to 20 Vm"! 

(3) may be greater than 20 Vem"! 

(4) may be less than 20 Vem"! 

A small sphere with mass 1.2 g hangs 

by a thread between two parallel 
vertical plates 5.00 cm apart. The | 
plates are insulating and have uniform i 
surface charge densities +o and —o | 
The charge on the sphere is g = 9 
x 10° C. What potential difference 
between the plates will cause the thread to assume an ang! 
of 37° with the vertical as shown in figure? 
(1) 30 V (2) 12y 

(3) 50 V (4) 25 V 


A particle of mass m carrying charge q is projecte 
velocity v from point P toward an infinite line of ch “t 
from a distance a. Its speed reduces to zero momentai ' 
point Q, which is at a distance a/2 from the iine of chat | 
If another particle with mass m and charge —q is proje? 
with the same velocity v from P toward the line of chat” | 
what will be its speed at Q? 


h¢—— 5.00 cm 


d wil 


> 


pe z 7 meea 
—_— - m 
"i 


5 2) 2v 
p v2" al 
4) V2 

(3) Jy ( 


x solid conducting sphere of radius 10 cm is enclosed by 

M h in metallic shell of radius 20 cm. A charge g = 20 uC 
iven to the inner sphere. Find the heat generated in the 
“cess when the inner sphere is connected to the shell by 

a conducting WITS: 

(D 124 a 

(3) 244 ate 


nd the potential | of an electrostatic field F = a(yvi+x/), 


jg. Find ~. 

er where a is a constant. 
(1) at C (2) -axy+C 
3) ay (4) —axv 


öh conducting sphere 4 of radius a. with charge Q, is placed 
"concentrically inside a conducting shell B of radius ù. B is 
earthed. C is the common center of 4 and B. Study the 
following Statements. 
(i) The potential at a distance 7 
from C, where 


! |2) 


tT Eo F i 


agrsSb,is 


(ii) The potential difference 
between 4 and B is 


Toi 
4ze, \a b 


(ii) The potential at a distance r from C. where 
a l 1] i 
a<r<b,is o(+-3] 
ATE, y b) 


Which of the following statements are correct? 
(1) Only (i) and (ii) (2) Only (ii) and (iii) 
(3) Only (i) and (111) (4) All 

30. An electron having charge e and mass ——___—_—— 
m starts from the lower plate of two 
metallic plates separated by a distance A 
d. If the potential difference between ig) — 
the plates is V. the time taken by the 


electron to reach the upper plate is 


given by 
l2md? md” 
UE r 2) E r 
o OE p 
[2 Imd? 
„~ |md 2m 
O Yoav Gra 


31. Three identical metallic 
uncharged spheres A, B, and 
C, each of radius a, are kept 
at the comers of an equilateral 
triangle of side d (d >> a) as 
shown in figure. The fourth 
Sphere (of radius a), which has 
a charge q, touches A and is 
then removed to a position far a 
the earth connection is removed. C is then earthe 
charge on C is 


oc 


way. B is earthed and then 
f d. The 


oo 
ad 


(oo 
nN 
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gaf 2a =") >, #2 (255) 
wy Sf 2d (2) sal ad 


aj, -afda 4) 240 1-4) 
G a d os 


. Two concentric conducting spherical shells of radii a, and 


a, (a, > a,) are charged to potentials V, and F, respectively. 
Find the charge on the inner shell. 


VV, V+ Vz 
(1) q,> ine" a (2) q, = areo l = i 
7 | a+, ) 
pod ete | y+¥, | 
(3) q, = "= now jii (A) q, = 2% 


\ a, -= h 


. Figure shows three circular arcs. each of radius R and total 


charge as indicated. The net electric potential at the center 
of curvature is LO 
me So” 
2AE R É 
50 uP 

(D — -20 — —— i) 
12ER 

30 x 
32ER a 


(3) 


(4) none of these 


. The point charge g is within the cavity of an electrically 


neutral conducting shell whose outer surface has spherical 
shape. Find the potential V at a point P lying outside the 
shell at a distance 7 from the center O of the outer sphere. 


i qg l qg 
D l= 2) F= = 
( ANE 7 ( ) 2 re ij 
3) y lq (4) ¥ 3 q 
Š TE, r ` 4m) r 


. A unit positive point charge of mass m is projected with a 


velocity V inside the tunnel as shown. The tunnel has been 
made inside a uniformly charged nonconducting sphere. The 
minimum velocity with which the point charge shouid be 
projected such that ıt can reach the opposite end of the tunnel 
is equal to 
(1) [PR 4me N] 
(2) [pR?/24me,]'- 
(3) [PR 6mE ; 
(4) zero because the initial and the final 
points are at same potential 


Three concentric conducting 
spherical shells have radii 7; 27, 
and 3r and charges and 

rm > ‘ l rg ` dp Qs. t 

q „ respectively. Innermostand 
outermost shells are earthed as à 


shown in figure. The charges à 

shown are after earthing. 

Select the correct alternative. 

(1) 9,+4,=- 49, (2) 4,574; 
anh ol 

(3) —=-—-- (4) None of these 


3.42 _Electrostatics and Current Electricity ee 
42. Inside a hollow conducting sphere, 
+g + which is uncharged, a charge q is 
ý ý f placed at its center. Let electric 
field at a distance x from center 
at point p be £ and potential at 
this point be V. Now, some 
positive charge Q is given to this 
IN = sphere, then 


37. Four charges are placed at four corners of a square as 
shown figure. The side of the 
square is a. Two charges are 
positive and two are negative, 
but their magnitudes are the 
same. Now, an extemal agent 
starts decreasing all the sides 


of the square slowly and at the t l in 
same rate. What happens to the (1) E will remain the same (2) E wil increase 
electrical potential energy of (3) V will decrease (4) V will remain the same 
the system and what will be the nature of work done by the 43. Consider two concentric oA 
agent? metal spheres. The outer e a 
(1) increases, positive (2) increases, negative sphere is given a charge [ / \ 
(3) decreases, negative (4) increases, positive QO > 0, then | A AT es ome 

38. Ata distance r from a point located at origin in space, the (1) the electrons will flow l a J 
electric potential varies as V = 10r. Find the electric field from earth to inner OER S 


sphere if S is shorted 


at r= 3i+47—5k. ) | 
(2) the electrons will flow from inner sphere to the earth i 


(1) V2(3i+47—5k) (2) -V2(3i+47 —5k) Bic shoved 
(3) -v3 (37+ 47 —5k) (4) None of these (3) the shorting of S will produce a charge of —Q on tt 
39. A uniform electric field of 100 E inner sphere 
Vm" is directed at 60° with (4) none of these 
the positive x-axis as shown in 44. Two point charges +Q each have been placed at th: 
figure. If OA = 2 m, the potential 60° positions (—a/2, 0, 0) and (a/2, 0, 0). The locus of the point 
difference V,- V, is A 2 /|O where —Q charge can be placed such that total electrostate 
(1) -50 V potential energy of the system can become equal to zen, 
(2) 50 V can be represented by which of the following equations? 
(3) 100 V (1) Żż+ (y-a? = 2a (2) Z + (y -af =271rl4 
(4) -100 V (3) 2 + y? = 15a?/4 (4) None of these 
40. A graph of the x-component of the electric field as a 45. Figure shows equipotential 
function of x in a region of space is shown in figure. The surfaces for a two charges system. 
y- and z-components of the electric field are zero in this At which of the labeled points É 
region. If the electric potential is 10 V at the origin, then will an electron have the highest 
the potential at x = 2.0 m is potential energy? 
(1) 10 V (2) 40 V (1) point A 
(3)-10V (4) 30 V (2) point B 
(3) point C 
(4) point D 
46. Two large identical plates are 
placed in front of each other E en 
at x =d and x = 2d as shown in jl d i 


the figure. If charges on plates ~~~ He 
are O and —5Ọ, the potential 

versus distance graph for 

region x = 0 to x = 3d is (d is 

very small and potential at x 

=0isv) 


41. An uncharged conductor A is brought near a positively 
charged conductor B. The size of the conductor A is much 
greater than the size of conductor B. Then, 

(1) the charge on B will increase, but the potential of B will 
not change 

(2) the charge on B will not change, but the potential of B 
will decrease 

(3) the charge on B will decrease, but the potential of B will 
not change 

(4) the charge on B will not change, but the potential of B 
will increase 


ae = © Electre Potential 2.1-7 


À ca 
(3) V pages (4) ,,, | S0. Find the ratio of electric work done FS: > 
| boy | in bringing a charge q from A to B Kr B 
\ (W,,) and then from B to C (Wro) Q a a € 
T in a sphere of charge Q distributed =- | 
P \ uniformly throughout its volume. r” 


M a 


= —— X T E T F 
Id 3d d 2d 3d (1) | (2) 1.5 
; 3 
electric dipole of dipole moment p nen ® NE S 
1. An ated parallel Aamo OO afi 51. A nonuniformly charged ring 1s kept near an uncharged 
ee: pe shown. It is rotated toone “77772774 >E conducting solid sphere. The distance between their 
T hé four orientations shown below J centres (which are on the same line normal to the plane of 
Paik the final orientations according Se ees the ring) is 3 m and their radius is 4 m. If total charge on 
‘othe change in the potential energy of ~~ > the ring is 1 pC, then the potential of the sphere will be 
the dipole—field system, most fegative A Sesecser<- > (1) 2.25 kV (2) 3 kV 
to most positive. (3) 1.8 kV (4) cannot be determined 
eee s ote ee 52. An electron traveling in a uniform electric 
i) 7 (haart > | , , 
O E . field passes from a region of potential V, to 
a Z. e a region of higher potential V,. Then 
ents = See a: eee (1) no change takes place in velocity 
component parallel to interface of two ig 
eee SS Sa > ---------- > . 
regions 
ae elie á Beis eae creer (2) direction of its motion remains unchanged 
but speed increases 
ii) TTT id (rs > (3) direction of its motion may change but 
ae O >E speed must be decreased 
me. ee yee wt P _ (4) decrease in kinetic energy is proportional to WV; -y 
PE > ere rer: 53. A conducting sphere of radius R and a concentric thick 
eee eae Pr spherical shell of inner radius 2R and outer radius 3R is 
Sedai enana > . k 
shown in figure. A charge +100 ıs > — 
oe t 2. oe ee given to the shell and inner sphere is - ~s 
Ry adhe GES anes? earthed. Then charge on inner sphere -= 
(3) i. ii., ili., iV. (4) iii., ii., and iv. tie, then i. is AJ 
MT 
. A plane sheet has a uniformly yh . E 
distributed charge. Origin is pe Q Ee 
selected at the middle of the o 7 ——= 
ne 
sheet (in yz plane). A charge +0 i | ! E R ae 
awedi ooit d (100) 22 | i 54. Let V, be the potential at the origin In an electric field 
: p i s z ant. 0 Tex -y i The : | h : - 1) — 
0) to point B (10a, 0, 2a) along a | | E = 4i + 5j . The potential at the point (x, ¥) Is 
circle and then to point C (10 a, | (1) ¥,- 4% -5y (2) V,+4e* Sy 
0, 0). If the initial electrostatic (3) 4x + Sy-V, (4) Ax- Sy 
i lectrostatic — 
potential energy is U, what will be final ele 55, In an electric field shown in figure, three equipotential 
potential energy? surfaces are shown. lf function AY 
(1) zero (2) U, of electric field is B= 2x7 Var’, E A 
U and given that V,- y= i= Fis ee AE O O 
(3) Uo V2 (4) — then we have VX x 
2 (1) x, =x VVF 
f , a as P: 
- Figure shows the potential due , (2) & >, E 
to two similarly charged infinite 4a 1% d (3) x, > x, 
agi with charge per unit ee : py i (volts) (4) data insufficient 
O.. ini j t | | : E , ‘ . 
we an ai iis this p'o ) t10 56. The potential ofa point 8 (- 20 m, 30 m) taking the potential 
uce tha , À ; 
Daso J |5 of a point A (30 m, -20 m) to be zero in an electric field 
Q) o< yE 2» xm) E=10xi - 20} NC” is 
D A / |-5| \ (1) 350V (2) -100 V 
Cs, | Lie (3) 300 V (4) 3500 V 


(4) None of these 


D 
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57. A positive charge +q, is located to the left of a negative 62. There are two uncharged identical metallic Spheres ; 
charge -q,. On a line passing through the two charges, 2 of radius r separated by a distance d (d >> +), 4 at 
there are two places where the total potential is zero. metallic sphere of same radius having charge q iş tour 
The reference is assumed to be at infinity. The first place with one of the sphere. After some time it is Moved a e 
is between the charges and is 4.00 cm to the left of the from the system. Now the uncharged sphere iş es Be 
negative charge. The second place is 7.00 cm to the right Charge on earthed sphere Js Q 
of the negative charge. If q, =—12 pC, what is the value of (1) q/2 (2) — grid 

charge q. (3) —qr/2d (4) — q/2 
(1) 44 uC (2) 12 uC 63. Eight point charges of charge q cach are placed on the ¢ 
(3) 32 uC (4) 64 uC corners of a cube of side a. A solid neutral metallic , h 
58. The diagram shows a small bead of mass m carrying charge _ of radius a/3 is placed with its center at the center oft 
q. The bead can freely move on the smooth fixed ring cube. As a result, charges are AAE EA the sphere, Whig 
placed on a smooth horizontal plane. gz form certain patterns on its surface. What Is the Potenti; 
A a of the sphere? 


In the same plane a charge +Ọ has 


also been fixed as shown. The (1) 8 kq (2) 2 kq 
potential at the point P due to +Q is P J3 a V3 a 
V. The velocity with which the bead te 

i o (4) zero 
should projected from the point P so (3) -= — (4) 


that is can complete a circle should 


J3 a 
be greater than Multiple Correct Answers Type Il 
l6qV 


(1) (2) 4 ue 1. Two point charges of different magnitudes and of opposi; 
m signs are separated by some distance. There can be 
3qV 7qV (1) only one point in space where net electric field intenst 
G) 4 4) WG is zero 


(2) only two points in space where net electric potentials 
zero 

(3) infinite number of points in space where net elect: 
field intensity is 0 

(4) infinite number of points in space where net elect: 
potential is zero 


59. A point charge +Ọ is placed at point 
B at a distance 2R from the center 
O of an uncharged thin conducting 
shell of radius R as shown in the 
figure. If V, be the potential at point 
A, which is at a radial distance of R/2 


2. A negative charge is moved 
from the center of the shell. then 8 8 
Q by an external agent in the © i 
(1) V,> (2) Frs direction ofelectric field. Then 
87E,R STER p 
(1) potential energy of the 
(3) V= Q (4) V,=0 charge increases 
SNE R (2) potential energy of the charge decreases 
60. Uniform electric field exists in a region and is given (3) positive work is done by the electric field 
by E= Rí + Ej . There are four points A(-a, 0), (4) negative work is done by the electric field 
B(0, -a), C(a, 0), and D(0, a) in the xy plane. Which of the 3. If a charged conductor is enclosed by a hollow chi 
following is the correct relation for the electric potential? conducting shel! (assumed concentric and spheric’! Y 
BEAN aae OI Pra shape), and they are connected by a conducting wire. the 
(3) V.>V,>V,=V, (4) V,<V.<V,<V, which of the following statement(s) would be correct: 


(1) Potential difference between the two conduct” 


61. Two point charges q, and q, are placed -_________» becomes zero 


in an external uniform electri į as , í 
; ect £ field as fie i (2) If charge on the inner conductor is q and on the out 
shown in figure. The potential at the Ñ conductor is 2a. then finally ch n the gut 
: t -G n nne i arg 
location of q, and q, are V, and V., oo R Sa 
; . ; 2 g conductor will be 3q. 
respectively. The effect of q, and q, is e1: ‘ . fert™ 
, op» (3) The charge on the inner conductor is totally trans 


not included in V, and V,, i.e., V, and 

V, are potentials at location of q, and q, due to external 
unspecified charges only. Then electric potential energy 
for this configuration of two charged particle is 


to the outer conductor. th 

(4) If charge on the inner conductor is q and charg® gee 
outer conductor is zero, then finally the charge on” 
conductor will be g/2. 


, at al, j P 
a) 4 - 2 (2) gV, + 4V, 4. Which of the following is true for e 
, 7 the figure showing electric linésof == 
(3) qV, + ghe. (4) ff force? (E is electrical field, and Vis § —~<—— 
AnEyr 4TEr potential.) 


D 


yo 


| 


p 5 i SÉ 
w E,? Ës (2) E. - E, 
3) y>Vs (4) fe V 
t uncharged conducting ball B 
5. " inside a charged conductor 4 
jes 1S 


hown in figure. B is isolated 
ass 


zom A. ; 
when B touches the inner 
( 


surface of A. then potential 
of B will change. 
2) No net charge is inside the 


( 
cavity. 

(3) There is an induced charge on B. 

(4) Potentials of 4 and B are same. 


», For the situation shown in figure, mark the correct 


statement(S). Hollow neutral conductor 
q@----------- 
e—a ——> 


(1) Potential of the conductor is q/ [47m8 (d + R)]. 

(2) Potential of the conductor is q/47,d. s 

(3) Potential of the conductor cannot be determined 
as the nature of distribution of induced charges is not 
known. 

(4) Potential at point B due to the induced charges is 
qR/ [47e (d+ R)d]. 

7. A wire having a uniform linear charge a! 
density A is bent in the form of a ring any Se 
of radius R. Point A as shown in figure fa r; 5 
is in the plane of tbe ring but not at | / f i \ 
the center. Two elements of the ring \\ / i 
of lengths a, and a, subtend very of P 
small same angle at point A. They are z = 
at distances r, and r, from point 4, l 
respectively (r, > r). 

(1) The ratio of charges of element a, 
to that of element a, is r/r, 

(2) The element a, produced greater magnitude of electric 
field at A than element a.. 

(3) The elements a, and a, produce same potential at 4. 

(4) The direction of the net electric field produced by the 
elements only at 4 is toward element a.. 

8. Ata distance of 5 cm and 10 cm outward from the surface 
of a uniformly charged solid sphere, the potentials are 
100 V and 75 V, respectively. Then 
(1) potential at its surface is 150 V 
(2) the charge on the sphere is (5/3) x 10°C 
(3) the electric field on the surface is 1500 Vm ! 

(4) the electric potential at its center is 0 V 

: Two infinite, parallel, nonconducting sheets carry equal 
Positive charge density ø. One is placed in the yz plane 
and the other at distance x = a. Take potential V = 0 at 
*= 0. Then 
(1) foro<x< a, potential V = 0 


| 
i ef 


j 
/ 


(2) for x 2 a, potential V = =e —a) 


0 


ae 


10. 


11. 


12. 


13. 
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oO 
(3) for x 2 a, potential V = —-—(* - a) 


(4) for x < 0, potential V = —* 


Ey 

A uniform electric field £, 
exists in a region at angle 
45° with the x-axis. There are 


two point A (a, 0) and B (0, A 

b) having potential V, and V, ee! , E, 
respectively, then ~~ | a. ae 
(1) a<b A Aa,9) 
(2)a>b i 

(3)a=b 


(4) None of these 
A small sphere is charged uniformly and placed at some point 
A(x,, Yo) SO that at point B(9 m, 4 m) electric field strength 1s 


Ë = (54i +72) NC” and potential is 1800 V. Then 


(1) the magnitude of charge on the sphere is 4 uC 
(2) the magnitude of charge on the sphere is 2 yC 
(3) coordinates of A are x= -3 m. y= —12 m 

(4) coordinates of A are x, = 4 m, y= — lm 


Two conducting plates M and 
N, each having large surface 
area A (on one side), are 
placed parallel to each other | 
figure. The plate M is given | 
charge Q, and N, charge Q, | 
(<Q,). Then 


(1) electric field at point A is =~ 
(Q, —Q,)/2 AE, toward right 

(2) electric field at point B is (Q, + Q.) 24E, toward nght 

(3) electric potential of N is greater than M 

(4) all of the above 


ne 
ne 


A point charge q is placed within SN 

the cavity of an electrically neutral lio PA > 
conducting shell whose outer f°... 
surface has spherical shape figure. a ae. 
Then, — 


(1) the potential V at point P tying outside the shell at a 
distance r trom the centre O of the outer surface depends 
upon the value of x 

(2) potential at P does not depend upon the value of x 

(3) a total charge q will be induced on the outer surface of 
the shell which will be distributed uniformly on the outer 
surface 

(4) a total charge -q will be induced on the inner surface 


of the shell, which will be distributed nonuniformly on 
the inner surface 


» The electric potential at a certain distance from a point 


charge is 600 V and the electric field is 200 NC. Which of 
the following statements will be true? 
(1) The work done in moving a point charge of 1 uC from 
le point to a point at a distance of 9 m will be 
x J. 


(2) The distance of the given point from the charge is 3 m. 


3.46 Electrostatics and Current Electricity 


20. A hollow conducting sphere of inner 


(3) The potential at a distance of 9 m will be 200 V. 
(4) The magnitude of charge is 0.2 x 10° C. 


15. An electric charge 2 x 10° C is placed at the point (1, 2, 4). 


At the point (3, 2, 1), the electric 
(1) field will increase by a factor K if the space between the 
points is filled with a dielectric of dielectric constant K 
(2) field will be along the y-axis 
(3) potential will be 49.9 V 
(4) field will have no y-component 


16. The electric potential in a region along the x-axis varies with 


x according to the relation V(x)=4 + 5x’. Then 
(1) potential difference between the points x = 1 and x = —2 
is 15 V 
(2) the force experienced by the above charge will be toward 
the + x-axis 
(3) a uniform electric field exists in this region along the 
+ x-axis 
(4) force experienced by a 1 C charge at x = -1 m will be 
10 N 
17. A conducting sphere of radius R has a charge. Then, 
(1) the charge is uniformly distributed over its surface, if 
there is no external electric field 
(2) the distribution of charge over its surface will be 
nonuniform ifan external electric field exists in the space 
(3) the potential at every point of the sphere must be the same 
(4) the electric field strength inside the sphere will be equal 
to zero only when no external electric field exists 


18. A small conducting sphere of radius a mounted on an 


insulated handle and a positive charge q is inserted through 
a hole in the wall of a hollow conducting sphere of inner 
radius b and outer radius c. The hollow sphere is supported 
on an insulating stand and is initially uncharged. The small 
sphere is placed at the center of the hollow sphere. Neglect 
any effect of the hole. Which of the following statements 
will be true for this system? 

(1) No work will be done in carrying a small charge from 
the inner conductor to the outer conductor. 

(2) The electric field at a point in the region between 
the spheres at a distance r from the center is equal to 
q/4ne,r’. 

(3) The electric field at a point outside the hollow sphere at 
a distance r from the center is ¢/47€,r’. 

(4) The potential of the inner sphere with respect to the outer 

1 1 


sphere is given by V, = 1 (+1 ; 
Ane, \a b 


19. Mark the correct statements. 


(1) A given conducting sphere cannot be charged to a 
potential greater than a certain value. 


(2) A given conducting sphere can be charged to a potential 
less than a certain minimum value. 

(3) A given conducting sphere can be charged to any extent. 

(4) None of the above 


radius r and outer radius 2R is given 
charge Q as shown in the figure, then the 
(1) potential at 4 and B is same 

(2) potential at O and B is same 


21. 


22. 


23. 


24. 


25. 


26. 


(3) potential at O and C is same 

(4) potential at A, B, C and O is same 

A charged particle having a positive 

charge q approaches a grounded 

metallic spheres of radius R with a 

constant small speed v as shown in 

figure. 

In this situation, 

(1) as the charge draws nearer to the l 
surface of the sphere, a current flows into the ground 

(2) as the charge draws nearer to the surface of the Sphere 
a current flows out of the ground into the sphere ° 

(3) as the charged particle draws nearer, the magnitude f 
the current flowing in the connector Joining the shel t 
the ground increases 

(4) as the charged particle draws nearer, the magnitude of 
the current flowing in the connector joining the sphere 
to the ground decreases 

The electric potential at a point certain distance from a poin 

charge is 600 V and the electric field is 200 NC™. Which g 

the following statements will be true? 

(1) The magnitude of the charge is 20 x 10°C. 

(2) The distance of the given point from the charge is 3 m 

(3) The potential at a distance of 9 m will be 200 V. 

(4) The work done by an external agent in moving a pom 
charge of i mC from the given point to a point at; 
distance of 9 m will be 4 x 10% J. 

A charged particle X moves directly toward another charged 

particle Y. For the X and Y system, the total momentum isy 

and the total energy is E. 

(1) If Y is fixed, E is conserved but not p. 

(2) If Y is fixed, neither E nor p is conserved. 

(3) p and E are conserved if both X and Y are free to movè 

(4) (a) is true only if X and Y have similar charges. 

Consider the following conclusions regarding th 

components of an electric field at a certain point in spac: 

given by E =- Ky, E = Kx, E_=0. 

(1) The field is conservative. — 

(2) The field is nonconservative. 

(3) The lines of force are straight lines. 

(4) The lines of force are circles. 

There is a fixed positive charge Q at O, 

and A and B are points equidistant from 

O. A positive charge + q is taken slowly 

by an external agent from A to B along } 

the line AC and then along the line CB. 

(1) The total work done on the charge 
IS Zero. | 

(2) The work done by the electrostatic force from 4 t0 j 
negative. |] 

©) The work done by the electrostatic force from C t° pe 
positive. 

(4) The work done by electrostatic force in taking the cha 
from A to B is dependent on the actual path. a 

The electric potential in a region is given by the relat 

Mx) = 4 + Sx. Ifa dipole is placed at position (-I. ow 


———- = . 
| a moment P pointing along positive y-direction, then 
ý f force on the dipole is zero 
i torque on the dipole is zero 
| 3) r torque on the dipole is not zero and it is in clockwise 
| ~ girection l 
4) Net torque on the dipole is not zero and it is in 
| anticlockwise direction 
<a solid neutral conducting sphere. A B 
ji 3 oint charge qof 1X 10° C is 
laced at point, C is the center of 


sphere. and 4B is a tangent. BC =3 


mand B= 4m. 
1) The electric potential of the conductor is 1.8 kV 


(2) The electric potential of the conductor is 2.25 kV 

(3) The electric potential at B due to induced charges on the 

sphere is —0.45 kV. 

(4) The electric potential at B due to induced charges on the 
sphere is 0.45 kV. 


Linked Comprehension Type H 


For Problems 1-4 
Four charges +9, +q, —q, and —q are placed, respectively, at the 
comers A, B, C, and D of a square of side a, arranged in the 
ziven order. E and F are the midpoints of sides BC and CD, 
respectively. O is the center of square. 

1. The electric field at O is 


q q 
2 = 
(1) J2m6,a° ( ) Brasa 
o5 a 24 
ME ya NE a” 
2. The electric potential at O is 
(1) V24 (2) v34 
TEA (4 &,a 
(3) F (4) zero 


3 The work done in carrying a charge e from O to E is 


V24 e qe | l | 
bdan —-| 
() Tea @) z €,a| V5 


(4) zero 


ge | 1 
i sdz] 


4. The work done in carrying a charge e from O to F is 


7 V2q e qe | ] | 
(1) —— al 
3) T E,a 2) T E4 J5 
AEA n 
(3) 4|] (4) zero 
For Problems 5—6 


A small metal sphere, carrying a net charge 4, ~ -2 uC, is held 


' a stationary position by insulating supports. A second small 
ni sphere, with a net charge of q, = -8 uC and mass 1.50 g, 
!S projected toward q,. When the two spheres are 0.800 m apart, 


Electric Potential 3-47 


ed 20 ms™' as shown in figure. 


q, is moving toward q, with spe 
be treated as point charges. You 


Assume that the two spheres can 
can ignore the force of gravity. 


a 


_.v=20 ms"! 
(| |. \ 


42 


pe 0.800 mS 


5. The speed of q, when the spheres are 0.400 m apart is 


(1) 24/10 ms' (2) 26 ms' 

(3) 4/10 ms' (4) 4/6 ms' 
6. How close does q, get to 4,” 

(1) 0.20 m (2) 0.30 m 

(3) 0.10 m (4) 0.15 m 


For Problems 7-8 
A charge Q is distributed over two concentric hollow spheres of 
radii rand R(R > r) such that their surface densities are equal. 


7. The charges on smaller and bigger shells are 


Or" and OR’ 


, respectivel 
(1) P+R r? +R? P 7 


2 2 
(2) o|: + an e|: + =| respectively 
2 E 


(3) e|: - an o|: — z) respectively 
or 


(4) QR and Q respectivel 
r +R P+R? j 


8. The potential at the common centre is 


a) V2 Q(R+r) 2) 1 QO(R+tr) 
mE (R° +r’) a 2ng (R +r’) 


1 Q(R-r) 
ne, (R? +r) 


1g (R+r) 
(3) ATE; (R° + r°) 


For Problems 9-10 
A uniform electric field of 100 Vm” is directed at 30° with the 
positive x-axis as shown in figure. OA = 2 mand OB = 4 m. 


9, The potential difference V,- V, is 
(1) 100V3 V (2) 200/3 V 
(3) -100/3 V (4) -200V3 V 
10. The potential difference V, — V, is 
(1) -100[2+/3]v (1) 100[2+V3]v 


(3) 100[2-V3]v (4) -100[2-V3]v 


3.48 Electrostatics and Current Electricity 


For Problems 11-14 


We have an isolated conducting 


intensity of 1.8 x 10° NC'. The same 

amount of negative charge is given to 

another isolated conducting spherical Sa 

shell of radius 20 cm. Now, the first shell 

is placed inside the second so that both 

are concentric as shown in figure. . 
11. The electric potential at any point inside the first shell 1s 


i a 
spherical shell of radius 10 cm. Some / 
positive charge is given to it so that the i (3) E 
resulting electric field has a maximum 0 KS 20. Find the potential difference V — V, between the Poin, 
s¢ 


(1) 18 x 10t V (2) 9x 10° V 
(3) 4.5x 10° V (4) 1.8 x 10* V 
12. The electric field intensity just inside the outer sphere is 
(1) 4.5 x 105 NC" (2) 9 x 105 NC" 
(3) 4.5 x 10*NC" (4) 5 x 10$ NC 
13. The electrostatic energy stored in the system is 
(1) 10J (2) 0.045 J 
(3) 0.09 J (4) 1.8J 


14. Ifboth the spheres are connected by a conducting wire, then 
(1) nothing will happen 
(2) some part of the energy stored in the system will convert 
into heat 
(3) charge on both spheres will be positive 
(4) entire amount of the energy stored in the system will 
convert into heat 


For Problems 15-18 

The electric potential varies in space according to the relation 
V = 3x + 4y. A particle of mass 0.1 kg starts from rest from 
point (2, 3.2) under the influence of this field. The charge on the 
particle is +1 pC. Assume V and (x, y) are in SI units. 


15. The component of electric field in the x-direction (E) is 


(1) -3 Vm” (2) 4 Vm” 
(3) 5 Vm" (4) 8 Vm" 
16. The component of electric field in the y-direction (E) is 
(1) 3 Vm” (2) -4 Vm” 
(3) 5 Vm” (4) 8 Vm” 
17. The time taken to cross the x-axis is 
(1) 20s (2) 40s 
(3) 200 s (4) 400s 
18. The velocity of the particle when it crosses the x-axis is 
(1) 20 x 107 ms” (2) 40 x 10° ms” 
(3) 30 x 10°? ms” (4) 50 x 10° ms”! 


For Problem 19-21 


In a certain region, electric 
field E exists along the 
x-axis which is uniform. 
Given B = 2/3 m and BC 
= 4 m. Points A, B, and C 
are in xy plane. 


RT ne ee a 
19. Find the potential difference V,— V, between the Poin, 


and B. 


(1) 3E (2) 4E 
(4) 2E 

and B. 

(1) 2E (2) 3E 


21. A charged particle q is moved from A to C as shown, 
path 1. What is the work done by electric field in hi 


process? 
(1) 24E (3) 54E 
(3) qE (4) 4qe 


For Problems 22-24 


An uniform electric field of YA 


strength Æ exists in a region. An 
electron of mass m enters a point 


d 


A perpendicular to x-axis with 
velocity V. It moves through the 


electric field and exits at point B. 
The components of velocity at B 


are shown in figure. At B the y-component of velocity reman 


A (a,0) 


unchanged. 
22. Find electric field 
2 maV? 
Ca (2) = 
ed ed 
3) maV? 4) 2maV? 
l 2ed? ( ed’? 


23. Find velocity at B 


2 F ra 
AE on 


(3) V 1+(2] E 
F (4) V2 + 7 
24. Find the rate of work done by the field at B 
2773 2y3 
(1) eure 2) ma i 
d 2d? 
4ma? Vy? ma? y> 


For Problems 25-27 


We know that electric field (E) at any 


point in space can be calculated using the 


relation 


ôx dy > : 


if we know the variati i , fel 
the electric potenti ries of potential (V) at that point. Nov A 
potential in volt along the x-axis vary as V ~~ 


x ie . 
here x is in meter. Its variation is as sho 


wn in figure. 


| 
| 


wee ‘a rticle of mass 10 mg and charge 2.5 uC is released 
é pare” isim. The variation of electric field (£) along 
I fom pe is expressed by 


ne x” 
tI 5 
E 


(3) (4) 

The velocity of the particle when it crosses origin is 
: (1) 0.5 ms"! (2) 1 ms! 
3) 2 ms" (4) 4 ms! 


«Will the particle perform a simple harmonic motion? The 
1. ime period of its oscillations of the particle should be 

(1) Yes, time period = 27 s 

(2) No, time period = 27s 

(3) Yes, time period = 47 s 


(4) The particle will perform SHM, but time period cannot 
be found from the given data. 


For Problems 28-32 


3 point charge q, is placed inside cavity 1 and another point 
sarge g,1s inside cavity 2. A point charge q is placed outside 
te conductor. For the situation described above, answer the 
following questions. 
28. The charge on outer surface of the conductor would be 

(1) 0+q, +q, and nonuniformly distributed 


(2) 0+9,+q, and its uniform or nonuniform distribution 
depends upon locations of g, and q, 


(3) Q+q, +q, and would be distributed uniformly 


4) 0+9,+q, and the distribution depends upon the 
locations of G,.4, and q 


eg 


Closed conducting A 
surface having charge Ø 


29, haa ; 
di : 's at the center of cavity 1, then / at point S, at a 
i. r from the center of cavity I(r > r,), due to the 
ced charge on the surface of cavity | is 


l . 
5 9 4ne r ? away from the center of cavity | 
4/476 r? away from the center of cavity | 


ae 


31. 


(3) zero 


Electnc Potential 3.7- 
A R 


(4) q,/4ze,r° toward the center of cavity | 


E inside the conductor at point 5 distant r pin Sate 
charge q, due to charge on outer surface of the conductor, 
would be 


(1) (Q +q, +q, 4re,r away from charge q 

(2) q/4rme,r? toward charge q 

(3) zero 

(4) cannot be determined 7 

If charge g, is at point Q (inside cavity 2), then £ at the 


center of cavity 2 due to induced charge on the surface of 
cavity 2 would be 


(1) q,/4me,r toward q, 
(3) zero 


(2) q,/47€,r, away from q, 


(4) cannot be determined 


. If the potential of the conductor is V, and charge q, is 


placed at the center of cavity 2, then potential at point Q Is 


1 1) 
(1) —2—+y, o {tet}, 
4 ner; ATENG h, 
Geli n «yy, 
ATAA h 
-49 
For Problems 33-36 


Four concentric hollow spheres of radii 


7 A 
ax 20 ~ 
R, 2R, 3R, and 4R are given the charges / / XL kg 
as shown in figure. Then the conductors | | | Bo 
l and 3, 2 and 4 are connected by a ae / 
conducting wires (both the connecticns ae 7 
are made at the same time). a 
Ge, = eae 
33. 


35. 


36. 


For Problems 37—39 
Three concentric spherical conductors 4, B. 
and C of radii r, 2R , and 4R, respectively. 
A and C is shorted and B is uniformly 
charged (charge+0). 


37. 


The charge on the inner surface of 
the third conductor is 


(1) -60/5 


(2) 60/5 
(3) -20 


(4) +20 


. The charge on the fourth conductor is 


(1) 220/5 (2) +110/3 

(3) -110/3 (4) -220/5 

The potential of conductor 1 is 

(1) 3Q0/407€,R (2) -190/40 me,R 
(3) -30/40 7e,R (4) 190/40 ze,R 
The potential of conductor 2 is 

(1) —O/87re,R (2) O/87eE,R 


(3) O/32r eR (4) -Q/32re,R 


Charge on conductor A is 
(1) OF (2) -0/3 
(3) 20/3 (4) -20/3 


3.50 crectrostatics and Current Erectie y is 


38. Potential at A is 
(1) Q/47€,R 
(3) Q/207€,R 

39. Potential at B is 
(1) Q/4TE,R 
(3) O/487€,R 


(2) Q/l6ne,R 
(4) 50/487€,R 


(2) O/l6z€,R 
(4) 50/487e,R 


For Problem 40—41 

Two circular rings Æ and B each of 10 uC neat’ i 
radius a = 30 cm are placed coaxially / \ ' A 
with their axis horizontal in a uniform [Cae | ELEI PE f = Cp 
electric field E = 105 NC"! directed \ J \ J 
vertically upward as shown in figure. 9 ~ ` 


Distance between centers of the rings 

Aand B (C, and C,) is 40 cm. Ring A has positive charge q,= 10 uC 
and B has a negative charge q, = -20 uC. A particle of mass m 
and charge q = 10 pC is released from rest at the center of ring 
A. If particle moves along C,C,, then 


40. Work done by leetrite field. when particle moves from C, 
to C, is 
(1) -1.2 J (2) 1.2J 
(3) -3.6 J (4) 3.6J 


41. Speed of particle when it reaches at center of B is 


(1) 6/2 m/s (2) 12/2 m/s 

(3) 2V6 m/s (4) 4/6 m/s 
For Problems 42—44 
Two point charges are placed on x-axis as shown. a = 1 cm, 
q = 1 uC, mass of each particle a? 
m = 6 g. The charges are tied at | 
the end of an inextensible string , 4 am n 
of length 2a. The whole systemis 7% 1 B 


free to move on a horizontal frictionless surface. 

42. What is the tension in the string? 
(1) 11.25 N (2) 22.5N 
(3) 45N (4) 90N 

43. Now suppose a third charge of equal value +g is fixed at the 
point (a/2, 0) and the system of charges A and B is released. 
There is no friction between third charge and string. Find 
the maximum velocity of the system of charges A and B. 


(1) 2 ms” (2) 10 ms"! 
(3) 10 cms" (4) 5 ms”! 
44. Whatis the tension in the string when velocity is maximum. 
(1) 45N (2) 67.5N 
(3) 90 N (4) 112.5 N 


Matrix Match Type 


1. Match the columns 


eS 
Tr eee eere, 


Column | 


tor alel ba aR 
Electric potential at the 
center of the cavity due 
to charges induced on the 
Inner and outer surfaces 


of the conductor is zero, 


conducting spherical shell, 


with a point charge at its 
center, | 


. Figure shows three 


Gi. Electrically neutral thick |b. Electric field 
conducting spherical shell, where in the cay |l 
with a point charge inside it} to charges induce ty 
and to the right ofits center! the inner Surface | 
conductor is zero mf 
c. Electric field everywh 
inside the cavit Se 
to charges induce Uy 
the outer surface 
conductor is zerg, 
| induced charge 9, 
__ outer surface is ze) 
ee | 


sl 


liii. Electrically neutral thick 
conducting spherical shell, 
with a point charge at its 
center. Shell is earthed. 


Oh 
of th || 


iv. Electrically neutral thick | 
conducting spherical shell, 
with a point charge inside it | 
and to the right of its center. | 

| Shell is earthed. 


= see E. 


n 


. Match the entries of Column I with the entries of 


Column II. 

eS Column I = Columnit > 

ee —— $$ $$ 
MEO a. E inside the 


i. fi Hollow : 
qe---+---* | neutral conductor is zero 


/ conductor 


SU iss | 
— a 8 Ser ee 5 
a a Ph ij b. [E| inside the 
M. \ Hollow | : 
[eg 4) neutral | conductor is constant 
% / conductor _ but not zero 
K j j’. | 
| ig F | 
= S 
| SEE. Sal | c. |E inside the 
iji \ OLOW | > n 
Ea f Be | neutral 4 conductor is varymg 
a Y 92 / conductor © 


Na al | 


SANES 2 pe 
d. Potential inside the 


conductor is same & 
that of conductor 


aa — ~oe 


ie. Potential inside the 
conductor varies 


concentric thin spherical 
shells A, B, and C of radii 
R, 2R, and 3R, respectively. 
The shell B is earthed and 
A and C are given charges 
q and 2q, respectively. If 
the charge on surfaces La 
3, and 4 are 1o I> 43, and 


4,» respectively, then match 
the following columns. 


es 


Column | 
nnn RUE 


tm 


olid conducting sphere of radius a is placed inside a 
“onducting $ shell of radius b so that both are concentric. 


w, the shell 1s given a charge Q. Match the following. 


we 


į, Charge appearing on the | a. zero 
inner sphere 


—— ae 


| ii. “i. Charge appearing « on the 
inner sphere after it is 


earthed 


iii. “ii Electric field ‘intensity 
(E) inside the inner 
sphere (before earthing) 


‘iv, Electric field intensity (E) 


inside the inner sphere g, 1 Ọ 
after it is earthed Ane, ab 
ASA o I NE REMERON LET 


_ In the following table, Column I gives certain situations 


involving two thin conducting shells connected by a 
conducting wire via key K. In all situations, one sphere has 
net charge +q and other sphere has no net charge. After key 
K is pressed, Column II gives some resulting effect. Match 
the figures in Column I with the statements in Column II. 


Initially on net charge a. Charge flows through 
OC) the connecting wire 
Shell I | | 

Shell II | 
+q Initially on net charge b. Potential energy of 
ii. \ K | system of spheres 
\ TO decreases 
` | 
Shell I Shell IJ | 


| č No heat iS produced 


SIL 


Shell I 


d. Sphere I has no charge 
after equilibrium 1s 
reached 


Initially on net charge 


tg 


— LD 


6. An electric dipole i is placed in a uniform external electric 


field. O is the angle between the dipole moment and the 
field direction. In general, the dipole rotates under a torque. 
With reference to the behavior of the dipole in an electric 
field, match Column I with Column II. 


Po ee COUMTE l Column I 


i. Potential energy of the | a. conserved 
dipole i is maximum 


ii, Angular acceleration of the 
dipole is maximum 


iii. Ahgular momentum of the 


| 


iv. Kinetic energy of the d. d= 90° 
dipole 


7. A certain electric field is given as 


E = -[(2xy +z jit (2yzt x pia )k] 


ace Cola a J 
i. Work done by electric field in taking a. L -36 units 
aunit charge from (0, 0, 0) to (3, 4, 0) 
along a straight line is 


ii. Work done by electric field in b. +36 units 
taking a charge from (3, 4, 0) to 
(0, 0, 0) along a straight line is 


iii. Work done by external agent in c. zero unit 
-~ taking a charge from (3, 4, 0) to. 
(6, 8, 0) without change in KE is | 


iv. Net charge enclosed in a sphere d.+252 units 
of radius 5 units centered at the 
origin is 


8. A nonconducting ring has linear 7A 
charge density A. Match the ap 
following column regarding this — ce : 
ring. e J 


Poe e e 


Column | 


i. A= A, Cm" a. Electric field at center of the 
J ring is in the diree tion of (-, i). | 
| 


ii. pe A cos 6. Cm": 


b. Electric field at center of the | 
O<0<n 


ring is zero, | 
a 


C. Electrostatic potential at center | 
of the ring is zero. 


iii. À= À eim 
0S0<2n 


iv. A= A (l. - cos 20) . Electric field at center of the 
Cm',0s Os 2n c ring is in the direction (-/) . 


9. A short dipole of dipole moment P is kept near different 
sources of electric field (an infinite line charge, a point 
charge, a ring charge, etc) in Column I. The force F 


3.52 _Flectrostatics and Current Electricity — 
experienced by the dipole, the torque ? acting on the dipole 
and the potential energy U of dipole are given In Column II. 


| column! 


Numerical Value Type 


ops of a con 


h of them is € 
ombined to form a bigger drop, i 


1. There are 27 dr ducting fluid. Each drop 
radius r, and eac harged to the same Poten 
y. They are then ¢ 
the bigger drop i 


t 


s V, Find the ratio VIV Ap 


Enor 


+t4 
7 Ñ 
+ potential o a 
i il ae | a Bg the change in density of the fluid on combining the drop t 
A N 2. Figure shows two conducting thin o 
H concentric shells of radii r and 3r. F 
ooo o b. t=0 The outer shell carries charge q / (df 
+ and the inner shell is neutral. The | REA | 
ik =| amount of charge that flows from | all | 
=: aa — inner arth aft ‘a ) 
+ P ihe inner shell to the earth a er F 
: the key K is closed is equal to = — 
: (1/n)" of the charge on the outer 
=e nN n A shell. What is the value ofn? 
Fa e, c. F#0 3. A charge of 5 pC is placed at the center of a square ABCD y 
+ E side 10 cm. Find the work done (in uJ) in moving a chars 
oe a a of 1 uC from A to B. á 
A E 4. The linear charge density on a dielectric ring of radius ; 
g y g dius p 
varies with 0 as A =A, cos 0/2, where À, is constant. Find th. 


d. U<0 potential at the center O of the ring [in volt]. 
and +q are put on the vertices oj 


E — 
, fe | ieee 
5. The point charges —2q, —2q, 
nd the work done by som 


an equilateral triangle of side a. Fi 
in increasing the separation to 1 


10. Column i shows graphs of electric potential V versus x and external force 
v in a certain region for four situations. Column II gives (in joules) 
the angle that the electric field vector makes with positive i? 
pea 6. Two points charges q, = q, = 2 AJ 
l uC are fixed at x, = + 3 m and "a 
x, = — 3 m as shown. A third 


2 
particle of mass 1 g and charge | 
j PET 


q, = —4 uC is released from G 
rest at y = 4 m. Find the speed 
(in terms of the nearest integer in ms~') of the particle a1 


ral reaches the origin. 
: o | . 
: 7. Two concentric spherical conducting shells of radii R at 


oN 
pO n 7 | 2R are carrying charges q and 2q, respectively. Both are 20" 
ye en ———-+ — connected by a conducting wire. Find the change in elect 
| b. tan”'(3) potential (in V) on the outer shell. i 
| 8. A uniform electric field of 10 NC- exists in the vertical 
downward direction. Find the increase in the electi 
potential (in V) as one goes up through a height of 50 cm 


“Column Il 


O 
a 


135° | 
9. =e : 
aI a kinetic energy of a charged particle decreases d 
E ° as : more from a point at potential 100 V to a pei! 
potential 200 V. Find the charge on the particle (in > 10 Oo 


10. The electric fi 
he electric field strength depends only on the x, 3’ and: 


coordinates according to the law E = _a(xit yt). 
where a = 280 ine) i (ety +?) 
aii 280 NmvC'! is a constant. If the potent 
d. 150° erence between (3, 2, 6) and (0, 3, 4) is xX is tht 
value of x, 3, 4) is x°. What ® 
Il. A positive ¢ 
eran Peal ty, is located to the left of a nega 
sree snes ei = passing through the two charges, =- 
is assumed to be 2 ie total potential is zero. The refere” 
—— charges and is 4.0 at infinity. The first place is betwee” 
-00 cm to the left of the negative charg® 


eee et 
p N 


: aera 2 
Fe is 7.00 cm to the right of the negative charge. If 
eon AC aod q;= 11 xx uC, what is the value of charge x. 


2 sitive! charged particle starts at rest 25 cm from a 
, A po sitively charged particle, which is 


held statio 
| ' (0) : i à nary 
na the experiment. The first particle is released and 


tes directly away from the second particle. When 
particle has moved 25 cm, it has reached a velocity 


— 


roug 


s!, What is the maximum velocity (in x 10 ms 1) 


m 
of jov2 particle will reach? 


that the first 
small spheres q, m gm gm 
s Matiached to the CQ) 6) 
ends of a long light e— 30 E 
nonconducting rod 
at a distance 40 mm from each other. A third, middle 
sphere can slide along the rod without friction as shown. 
All three spheres are nonconducting, have identical 
masses m = 1 g, and a positive charge q =1 C is distributed 
evenly on the surface of each sphere. The whole system 
is placed on a horizontal frictionless nonconducting 
surface. Initially, all three spheres are at rest and the 
middle sphere is located a distance 30 mm from one of 
the ends of the rod and a distance10 mm from the other. 
Find the maximum speed v (in ms“) of the middle sphere 
after the system is released. 


— 
da 


. Three point charges of 0.1 C each are placed at the corners 
of an equilateral triangle with side Z = 1 m. If this system 
is supplied energy at the rate of 1 kW, how much time (in 
hour) will be required to move one of the charges to the 
midpoint of the line joining the other two? 


— 
ta 


. Atadioactive source in the form of a metal sphere of radius 
10° m emits beta particles (electrons) at the rate of 5 x 10!° 
particles per second. The source is electrically insulated. 
How long will it take (in us) for its potential to be raised by 


2V assuming that 40% of the emitted beta particles escape 
from the source. 


lhe 


EE Main 
Single Correct Answer Type 


| ae estion contains Statement 1 and Statement 2. Of the 
best he given after the statements, choose the one that 

State rie the two statements. | | 
to ae. l: For a charged particle moving from point P 
Q, the net work done by an electrostatic field on 


t fe 
i ° Particle is independent of the path connecting point P 
° Point Q, 


Statement 2: The 


0 : 
( aa object movi 
a) Statement lis 


net work done by a conservative force 

ng along a closed loop is zero. 

Steere true, statement 2 is false. T 

iiia nt | is true, statement 2 is true; statement 2 1S 
“ct explanation for statement 1. 


o 


e 


Electric Potential 3.53 


16. 


17. 


18. 


19. 


20. 


Archives 


The figure shows four > č 
situations in which +4 (14) —4q +q (2) +4q 
charges as indicated 
(q > 0) are fixed on 
an axis. How many 
situations is there a point to the left of the charges where 
an electron would be in equilibrium? 


2 A ASIN: aa 
An electric field is given by £ = (yi 4 gha Find the work 


done (in J) in moving a 1C charge from ¥, = (2i + 2j)m to 

F, =(47+7)m 

The arrangement shown consists of 

three elements. 

a. A thin rod of charge —3.0 uC that 
forms a full circle of radius 6.0 cm. 

b. A second thin rod of charge 2.0 uc 
that forms a circular arc of radius 4.0 cm and concentric 
with the full circle, subtending an angle of 90° at the 
centre of the full circle. 

c. An electric dipole with a dipole moment that is 
perpendicular to a radial line and has magnitude 
1.28 x 107! C —m 
Find the net electric potential in volts at the centre. 


An infinite plane of charge with 


o=26, a is tilted at a 37° angle to the \ 
m 


vertical direction as shown below. Find 
the potential difference, peas V, in volts, 
between points A and B at 5 m distance apart. (where B is 
vertically above A). 

A small sphere of mass m = 0.5 kg carrying a positive 
charge q = 110 uC is connected with a light. flexible 
and inextensible string of length r = 60 cm and whirled 
in a vertical circle. If a vertically upward electric field 
of strength E = 105 NC" exists in the space, calculate 
minimum velocity of sphere(in m/s) required at highest 
point so that it may just complete the circle. (g = 10 ms”). 


: -f 
— 


(c) Statement 1 is true, statement 2 is true; statement 2 is 
not the correct explanation for statement 1. 
(d) Statement 1 is false, statement 2 is true. 


(ATEFE 2009) 


. Two points P and Q are maintained at the potentials of 


10V and — 4 V, respectively. The work done in moving 100 
electrons from P to QO is 
(1) -19x10 €J 

Gy = 2.24 x10] 


(2) 9.60 x10 J 
(4) 2.24 x106 J 


(AIEEE 2009) 


. The electrostatic potential inside a charged spherical ball is 


given by @ = ar’ + b where r is the distance from the centre; 
a, b are constants. Then the charge density inside the ball is 
(1) -24na€,r (2) -6zae,r 


(3) -24mae, (4) -6ae, (AIEEE 2011) 


and Current Electricity 


distributed over a long rod AB of 
The electric potential at 


3.54 Electrostatics 


4. A charge Q is uniformly 
length Z as shown in the figure. 


the point O lying at a distance L from the end A Is 


ZZZZZZZZ. JLI LA 
A 
Case , — 4 ! —— > 
30 D) — Q 
(D Tael (e) Arel? 
OR £0 (4) —2— (JEE Main 2013) 
4reyl 8ME_L 


ae = oe van ine 

s. Assume that an electric field & = 30x° 7 exists in space. 

Then the potential difference V, — V, where Vo 1s the 
potential at the origin and V, the potential at x = 2 mis 


(1) -80 ] (2) 80J 
(3) 120] (4) -120] (JEE Main 2014) 


6. A uniformly charged solid sphere ofradius R has potential V, 


(measured with respect to oo) on its surface. For this sphere 
. ; o 3S 3% 
the equipotential surfaces with potentials 3 i pa 


V, 
and — have radius R, R, R, and R, respectively. Then 
4 Á 3 


(1) R, =O and R> (R,-R,) 

(2) R= 0 and (R, - R,) > (R, - R,) 

(3) R, = 0 and R,< (R, - R,) 

(4) 2R<R, (JEE Main 2015) 
7. Three concentric metal shells A, B and C of respective radii 


a, b and c (a < b < c) have surface charge densities +o, -0 
and +o respectively. The potential of shell B is 


o| b-c? 2 2 
a) = -+ EA ees -b 
d j : - al _ 


ola -b a 
(3) — Z di 
a b + oz b ral 
JEE ADVANCED ania 
Single Correct Answer Type 


1. Consi i j 
HPS thin spherical shell of radius R with its center 
2 ta carrying uniform positive surface charge 
y- ‘he variation of the magnitude of the electric 


field \E (r)\ z 
ee fatale the electric potential V(r) with the distance 
enter, is best represented by which graph? 
(IIT-JEE 2012) 


n (2) IÉ) y 
(1) žo) vír) (r) 
0 a 
4 a R r 
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0 rE yp 


2. Two large vertical and parallel metal plates having , 
separation of 1 cm are connected to a DC voltage sour, 
of potential difference X. A proton is released at re 
midway between the two plates. It is found to move; 
45° to the vertical just after release. Then X is nearh 
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1. A spherical metal shell A of radius R, and a solid mej 
sphere B of radius R, (<R,) are kept far apart and each 
given charge Q. Now they are connected by a thin met 


wire. Then (IIT-JEE 201) 
(1) pe = (2) O, > Q; 
O, R 
3 A= on surface surae 
eg (4) Eos < po 


2. Six point charges are kept at the vertices of a regla 
hexagon of side L and center O, as shown in figure. Give 
that K = q/4me€)L , which of the following statement(s) 
are correct? (Ii T-JEE 200 


(1) The electric field at O is 6K along OD 
(2) The potential at O is zero _ 
3 a a . 
P he potential at all points on the line PR is same. 
te potential at all points on the line ST is same. 


a M h hu) p p p ee 
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INTRODUCTION 


Capacitor (oF condensor) is a device that Stores (or condenses) 
electrostatic field energy. Capacitors provide temporary storage 
ofenergy in circuits and can be made to release the energy when 
required. The property of a capacitor that characterizes its ability 
to store energy is called its capacitance. When energy is stored 
in a capacitor, an electric field exists within the capacitor. The 
stored energy can be associated with the electric field. Indeed, 
energy can be associated with the existence of any electric field. 
The study of capacitors and capacitance leads us to an important 
aspect of an electric field, that is, its energy. 


CAPACITANCE 
ISOLATED CONDUCTOR 


An electrical conductor (such as metals) holds its charge at its 
surface. When an isolated spherical conductor of radius R is 
given with a charge Q, its potential is given by 
y= KQ 
R 

This tells us that the potentiai of an isolated spherical conductor 
is directly Proportional to its charge. This holds good for an 
isolated conductor of any shape and size. 

Since V œ Q, the ratio of the charge given to an isolated 
Conductor and its potential rise, that is, O/V is a constant, which 
$ as the capacitance of the conductor denoted by C. So 

C=o/V 
pit Ve | V, C = Q. Hence, we define the capacitance of an 
'Solated Conductor as the charge required to rise the potential of 
Sei by 1 V. In the SI system, the unit of capacitance is 


(F) = | coulomb (C) 


=1CV! 
1 volt (V) 


wwe etice, the following smaller units of capacitance are also 


Í . 
i arad (UF) = 10% farad 
go microfarad (uF) = 10°! farad 
18 also known as 1 picofarad (pF) 


APACITANCE OF A SPHERICAL 
DUCTOR OR CAPACITOR 
con EA ave already said that a single 
| Will fing i = also act as a capacitor, here we 
A Phere. p © Capacitance of a single isolated 
| ‘tor this, let a charge q be given to a 


spherical conductor of radius R, then potential on it is 
fod 


Ane, R 


The other conductor is supposed to be at infinity, whose 
potential will be taken as zero. So the potential difference 
between the sphere and the conductor at infinity becomes 
V—O=YS. 


Then capacitance is 
C= 7 = 4ne,R 


Thus, the capa 


Note: The earth is a spherical conductor of radius R=6.4 x 10° m. 
The capacitance ofearth is = e 5 


a c-(; er 


citance of a spherical conductor is C = 47e,R. 


faradis : big unit. Thus, no body in 
a capacitance of L F. =o 


Two uniformly charged spherical drops at potential V coalesce 
to form a larger drop. If capacity of each smaller drop is C then 
find. capacity and potential of larger drop. 


sol. When drops coalesce to form a larger drop then total 
charge and volume remains conserved. If r is radius and g is 
charge on smaller drop then C = Ate yr and q = CV 


3 
Capacitance of larger drop C' = 4ne,R =2'°C 
Charge on larger drop Q = 2g = 2CV 


SYSTEM OF CONDUCTORS 


Let us bring two conductors (called plates or electrodes) and 
connect them with the two terminals of a battery. The battery 
pulls some electrons from conductor 1 and injects these to 
conductor 2 simultaneously. As a result, conductor 1 will get a 
positive charge +Q, say, and hence conductor 2 wili receive a 
negative charge —Q. Then, all Æ lines coming from conductor 1 
will terminate at conductor 2. In this way’, the total field and field 
energy will be confined in the space between the conductors. 


4.2 Electrostatics and Current Electricity 
6 Daa 


Conductor | Conductor 2 
of the conductor 1 by | V. ln 


E 
other words, the capacitance 


of each conductor increases [Contr 
in the presence of the others. a 
P 
d f 


Hence. in a system of two 
conductors. each conductor 
can have (store) more charge 
than when they are isolated. 
The potential difference 
between the conductors is 
=V- V, where V, and 
T are the potentials of the 
positive and the negative 
conductors. respectively. Since, 
the charge Q. we have V œ Q. 
Then the ratio of Q and V, that is, Q/V is a constant, which can 
be defined as the capacitance of the system of two conductors. 
The ratio of the amount of charge supplied by the battery to each 
conductor and the potential difference between the conductors is 
defined as the capacitance of the system of two conductors. Thus, 


O _ Charge flown through the battery 
V, -V Rise in potential difference 


When we bring a negatively 
charged conductor | near a 
positively charged conductor 
2, its potential decreases. It 
means that more charge 1s 
required to raise the potential 


V| and |V | vary linearly with 


Note: The capacitance can be increased by reducing potential 
keeping the charge constant. Consider a conducting plate M which 
is given a charge Q such that its potential rises to V then the 
capacitance of the plate is given by 


a 


V M WA 
If we place another identical conducting plate N + 
parallel to it such that charge is induced on plate N (as + 
shown in figure) and if N is earthed from the outer side $ 
(see figure) then the potential difference across the + 
plates V’=\V -V_. Then new capacitance of the 

system of plates, 


an! C 
C z£- 2 = (7? >> C 
Me Fai 


g A f 
. - 
7 | -f 
It means if an identical earthed conductor 
is placed in the vicinity of a charged ; 
conductor then the Capacitance of the 


charged conductor increases appreciable 
of a parallel plate Capacitor. ) 


This is the principle 


onsists i 
parallel to each other with a of two large plates placed 


to the length and breadth of i paration d smaller in 


comparis 


m 


ouaa 


in 


= i ale 
d no energy is, therefore, outside the capacit, 


ĖS 
—_—_—— 


the capacitor an 
Electric field is 
plate in such a W 
the positive plate 


plate. 
ENEG Y 
Plate b, Area A 


Potential 
difference = Vab 
(a) (6) 


harged parallel plate capacitor. 7 
iN whe hè saparation of the plates is small compared to their size 


the fringing of the electric field E at the edges is slight. 


. Ve | 
ay that the lines emerge perpendicularly to 
and terminate perpendicularly to the Negaty, 


Electric field between the plates is 
pe A 
Ey AE 


Therefore, potential difference between the plates is 


d 
y- ra= 24 
AEy 
and capacitance is 
EA 
C= Q pata 
V-V. d 
[Important Points: 


- If we place a dielectric slab completely fills the spac? 
between the plates of parallel plate capacitor the capacttant? 


| becomes C = EKA 


slab. 


If the plates of a parallel plate capacitor 
are not facing each other completely 
or if one of the plates of parallel plate 
capacitor slides relatively than the 
capacıtance decrease as overlapping 
area decreases as shown in figure. g 


- where K = dielectric constant of Èe 


The electric field between the plates of a capacitor is show” 
in figure. Non-uniformity of electric field at the boundati® 
of the plates is negligible if the separation between the 
plates 18 very small as compared to the length of the plate 


FORCE BETWEEN THE PLATES OFA 
PARALLEL PLATE CAPACITOR 


oe capacitor with plate area A. Suppo”, 
to the other plat ky Siven to one plate and a negative charge ~ 
piate. The electric field due to the positive plat? is 


See 


Consider a paralle 
positive charge + 


p92 

OW oa ic T 
at all points if the plate is large. The x = 
negative charge -Q on the other f|f 
plate finds itself in the field of this 
Positive charge. Therefore, the force 
on this plate is i e 


directed from the positive plate to the neat | 


9 


f= EQ= 2 AE, 


rce will be attractive. 


this £0 
spHERICAL CAPACITOR 

spherical capacitor consists of two concentric spherical 
A ducing shells of radii a and b, say b > a. The outer shell is 
4 ed. Place a charge +Q on the inner shell. It will reside on the 
er surface of the shell. A charge -Q will be induced on the 
oag , surface of the outer shell. ames 
hte +Q will flow from the k 
outer shell to earth. 

Consider a Gaussian spherical 
f radius r such that 


surface O ' i 
q<r< b. From Gauss’s law, 
the electric field at distance — 
r>a is 
ATOE - 
ANE,t Gaussian surface 


The potential difference is 
h 

,-V=—- JE 
a 


Since /, = 0, we have 
b 


Q 
V = lr 
” | 4me,r? 


Q [: L- Q(b-a) 


ARE, 4re, ab 


a 


a b 


Therefore, capacitance is 
fo Be 


V-V, V, b-a 


CYLINDRICAL CAPACITOR 


eaa, 


A cylindrical capacitor consists of two coaxial cylinders of radii 
a and b, say b > a. The outer one is earthed. The cylinders are 
long enough so that we can neglect fringing of electric fields at 
the ends, The electric field at a point between the cylinders will 
be radial, and its magnitude will depend on the distance from the 
central axis, Consider a Gaussian surface of length y and radius 
"Such that a < » < b. Flux through the plane surface is zero 


pecause the electric field and the area vector are perpendicular 
© each other. 


In th , 
è long cylindrical capacitor, the linear charge density À is assumed to 


ne i . . 
er this figure. The magnitude of charge in a length of either 


Se 


For the curved part 
o= | È- dë = Í Eds = E f ds = E2nry 


Charge inside the Gaussian surface is 


-D 
L 
From Gauss’s law 
$= E2nry = 2 or E= Q 
L& 2n€)Lr 
Potential difference is 
b 
V,-V,=-[E-dr 
b b 
= -Í Q a = — ee t di 
, 2E Li 2MEyL I 
or Vi= Q ine (since V, = 0) 
27&)L a 
Capacitance is 


Ce = 


A cross section of a long cylindrical capacitor, showing a cylindrical 
Gaussian surface of radius r (that encloses the positive plate). 


l j 


A capacitor has rectangular plates 
of length a and width b. The top 
plate is inclined at a small angle 
as shown in figure. The plate 
separation varies from d = y, at 
the left to d = 2y, at the right, e—a 

where y, is much less than a or'b. Calculate the capacitance 
of the system. 


Sol. We consider a differential 
strip of width dx and length b to 
approximate a differential capacitor 
of area bdx and separation 


d = Yy (2) 
a 


All such differential capacitors are in parallel arrangement. Thus, 
E,(bdx) 


ni2) 
a 


dC = or C= [dc 
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2 “aN 
or C=é6,b f 7 
iy aes 0y 
` a 
V, + Yo xal] ` / 
` s 
cb “0 a 7 Gy 9 
=-—"_| In a iil 
(Vo a) Vo Vo 


We can determine the expression for capacity in terms of Aas 


d =(v, +X tan 0) 


d i iC t  &)b dv 
C = jat = | 
i > (y +x tan 0) 
Enb v +x tan 0) 
= 0 In K 0 
tan 0 Yo 


For small @. 


E 0 
tan @= T 


J 0 / 
Now, we can use the expansion 
1 3 
log (ltx)=x— x + 


For x < 1, we can neglect higher powers. Thus, 
c- fib ee) _ £oab a 
0 | y 2l Yo 2yo 


ENERGY STORED IN A CHARGED 
CONDUCTOR OR CAPACITOR 


The charging of a capacitor is associated with a continuous 
pumping of positive charge from conductor 2 to conductor 1 
by the battery (figure). If a charge 


] 2 
+dq is brought from conductor 2 to 
conductor 1 against the electric field d 
E of the charged conductors, the work <D 
done by the battery is ae 
dW = (Ed) dq = Vdq E 
where C= = Fy — 7 => 
Then the total work done by the +¢Q -Q 
battery in sending a charge Q is A work dW = q/C dq is done 
g? in shifting the charge dg 


fad 
= = |— = from plate 2 to plate 1 
W = |aw | rae 
The work is done at the expense of the chemical energy of the 
ich i j apacitor in the form of clectrostatic 
battery, which is stored in the capacitor in the 
field Lain U. Then, U = Q?/2C. Putting Q = CV, the other two 
expressions of energy can be written as 
TE 
2 
U = loy = g = -CV 
2 2C 2 
ALTERNATIVE METHOD i 
itor is a group of two ¢ an 
ductor is Q, = +9 and potential "| 


arged conductors. The 
A charged capac arg 


charge of one con 


i — 5 7 g i n = ae _ ie: 
charge of the other conductor is Q, = -0 and Potential 


A 7 Fa SS Hi move) 2 x ? 
As we know, the energy possessed by a charged Conductor; | | 
I 
2 mg V 
U 5 q 


where g and V are the charge and potential of the con 
respectively. Then the total energy possessed by th 
conductors (plates) is 


Cl, 
© ty, 
| J y 
U=5aK+ Or 
| | Q 
= =(4O\V,) + -COW J ==, -V. 
5 HOM) + 5 QXV) 5 ) 


where V,—-V_=V (potential difference between the Conduct, 
plates). Thus, 


U= zov (as obtained earlier) 


| Important Points: 
_* Work done by battery, Wy... = Charge supplied by bate- 


x E.M.F. of the battery OV = CV? = Z 


; ; I ee 
Buttheenergy storedin capacitor U = z2 === 


it means 50% energy supplied by the battery is lost in im 
of heat. 


. = g j 
Hence heat developed in the circuit H = = or eo 
2G 2C 
If many capacitors are connected in the circuit then ts 
(AQ) 
2C 


= developed in the circuit H = >., 


L aan 


ENERGY DENSITY IN A PARALLEL 
PLATE CAPACITOR 


As derived earlier, the electrostatic energy stored in a pe: 


plate capacitor is U = G . | 


where C = (€,4/d) and V = Ed. So 
l &4 > l > 
U = t en = 5 roe (dd) 


where dd = V (volume of the 
capacitor), 

Then, U/V = dU/dV, that is. the 
energy stored per unit volume can 
be given by 

dU | } 
— s= -QE 
di 2° . 

bs 

Although we have proved the above result for a parale Py 

» . ` ` bed y 0 
capacitor, but in general, this is true for any kind of capac! 
any other kind of electric field. 


Field energy density | of 
inside the capacitor 5 <; 


i f . c sit” 
The potential energy of a spherical capacitor made of 2 A 
sphere can be found using the concept of energy density: 


density is given by 


ee eee: ; 
E l p) ae eS Ne 
- ve Ge ‘Qs . 
n= sn n -Q AN di 
1 
2 ni ro 
1 {1 Q Ay i $ 
; _ a a a l 
y= udV = 7 5 | 4aredr \\ n 
' dU 2 ATE, r J AS +i 
nN / 
AN 
> SRNR 
1 fo Q- “ee aes 
So eee 
of l 8 ME, R] SIER 


te; Itis a common misconception that electric field energy is 

4 kind of energy, different trom the electric potential energy 
ane jbed before. It is simply a different way of interpreting 
Bei potential energy. We can regard the energy of a given 
e m of charges as being a shared property of all the charges, 
mye can think of the energy as being a property of the electric 
sad that the charges create. Either interpretation leads to the 
ame value of the potential energy. | | 


capacitor of capacitance C, which is initially uncharged, is 


‘connected with a battery of emf £. Find the heat dissipated in 
= during the process of charging. 


‘sa Initial charge in the capacitor is Q = 0. When the capacitor 
is connected across battery, the final potential difference across 
| ihe capacitor will be E. Final charge in the capacitor is O,= Ce. 
Initial potential energy stored is U, = 0. Final potential energy 
sored is U,= (1/2)Ce°. So the charge supplied by the battery is 


A0Q=0, 0; =(Ce=0)= Ce 

Work done by the battery in charging the capacitor is 
Watery = (AQ) E = (Cele = CE 

We know that Maay = AU + heat developed. So 


l 
H = Hamer = AU = Ce? — 5 Ce? 


Heat developed = ; Ce? 


Wisrearion 4.4 


Acepacitor of capacitance C, which is initially charged up to 
“Potential difference £, is connected with a battery of emf €/2 
that the positive terminal of the battery is connected with 
Positive plate of the capacitor. After a long time 
f m the total charge flow through the battery 
3 fe- total work done by the battery 
i fhe dissipated in the circuit during the process 


(i) When the c 


5 th apacitor is connected to the battery of emf £/2, 

f E final charge in the capacitor is Ce/2. Charge flowing 
Tough the capacitor is the charge supplied by the battery 

g âq= CT initial) 

J 

g ~ (Ce/2 — Ce) =~ Ce/2 


Capacitor and Capacitance 4.5 


(The charge is flowing from the capacitor to the battery.) 


danai 2 


\ 
Id 


dinitial = Ce | 


B 4 4 Aq 


0 
¢/2 6/2 


(ii) Work done by the battery is 
E Ce\e_ Ce’ 

Woatiery = (Aq) = -E —— 4 
Change in the potential energy of the capacitor is 


U inal U initiat: So 


2 2 l 
AU=1C E ee E E 
2 8 2 8 


(iii) Work done by the battery = Change in potential energy of 
the capacitor + heat produced. So heat produced is 


3Ce*> Ce Ce 
MeMa aUe a a 
2 Ce Z 2 
(agy COD _ Ce" 
Approch 2: The heat produced, H = =e oac 3 


A parallel plate capacitor has capacitance C. If the charges of 
the plates are Q and —3Q, find the ~ 
(i). charges at the inner surfaces of the plates = = 
(ii) potential difference between the plates 
(iii) charge flown if the plates are connected 
(iv) energy lost by the capacitor in (iii.) 2 
(v) charge flown if any plate is earthed 


| 7 Q - (-39) 
The charge on surface (ii), q, = s =20 
(i) Hence the charges on the inner 2 =Q 

surfaces are 20 and —2Ọ. . . 

(D Bay tg (iw) 
“ Charge of capacitor 20 

il) Ys — > Of t20 xefe 
Capacitance C eo 


(iii) Ifthe plates are connected, 20 and—20 will be neutralized, 
so 2Q charge will flow trom the lett to the nghe plate. 
(iv) Energy lost = initial energy stored in capacitor 
QOY 20 
2C C 
(v 


_— 


If the left plate is earthed, 20 charge flows trom the ground 
to the lett plate. If the right plate is earthed, 20 
flows from the ground to right plate 


t 40 | | Q O 


charge 


a 
CV’ 


—— 
—— 
—— 


i ent Electricity SC | f 
4.6 Electrostatics and Current EST vee cei ex 


1 
Initial energ 2 


R and 2R having charges Q and 


, e plates is slowly reduced tọ 4 
nected with a cell Now the distance between the p à 


There are two spheres of radii 


i heres are Col J 
/2. respectively. These two sp ) sok d, 
x, emf P volts as shown in figure. When the switch is close rte Cog EA _ 2C 
find the final charge on each sphere. The capacitance will bec final dl, 


E A Lg A) Final energy stored in ca 

w R , , | i o 

b =Q- The final charge in capacitor, 4fina 

(aan = (Q/2)49 (daina = 2-4 j camel A 
üna t | 


Hence work done by battery, W battery 
When the switch is closed, the potential difference 


1 
pacitor U gnai = eW =C? 


of the battery : 
W. = (Aq) -V =(2CV - CVW = CV 


s flow from the > batrery 

between the spheres should be V. Let q charges ' ae 
sphere of radius R. Now applying conservation of energy princip 

CA )énal _ (q Jima = V W raery + W external = AU 

C C, jl 
2 > 2 

C, = 47E, (2R), C, = 47ER CV* + Wojan -(cv -tcv?) 

Then 
1 
$ + a) > W iri z sr 
\2 /_ @-9 _y 


4né(2R) Are (R) 


Q _ le 
= 2 a aie a ere of radii a and b are placed at separatim 


8me)RV Q d (d >> a and b) such that charge distribution on both i 


xo q=—; ts -spheres remains spherically symmetric. If a charge #4 5 
provided to the sphere of radius a and —g is given to the sphe 
So the final charges on each of the spheres are of radius b. Find the electrostatic energy (U) of the system xi 
629-72 —81e RV Q calculate the capacitance of the system. 
==. 3 2 — . 
— “Sol, | The electrostatic self-energy of two spheres, 
Q TE 2 2 
d ==4+g=0+— 2 2 
ep a U, =—4— and U, =—4 
STE a -BTE b 
ILLUSTRATION 4.7 It is to be noted that electrostatic self-energy is always positvè 
A parallel plate capacitor is connected across a battery of emf V we ie idee the interaction energy (U,,) of two P% 
as shown in figure. The plates of the capacitor have area A and assuming them to be point charges. 
separation between the plates is d. Now switch S is closed to +t 
connect the capacitors with battery. Now the distance between t + 
the plates is slowly reduced to d/2, Calculate the work done by + + 
the external agent in the process. + A 
— d —> + 
p lt d —____» 
U,, = q(-q) = -q 
; 4néd 4re,d 
$ . Total energy of the sys 
PEAN. otat energy of the system, U = U, +U, +U, 


: í 2 l 
‘SoL As the plates are moved slowly the charge flow from = ies = a3) 
battery to the capacitor plates is very slow. Hence the energy BAe 10H d 
dissipated must be zero. á 


eoa i , AS, = 4re 
The initial charge in capacitor, gj, = CV a OM 2C hence, C = : 


í lL i 2 ) 
. E,A ab d 
Where the capacitance is C 0 


at = =O a YY 
d Í 


P 2&2 aA VTMR ON 


ARING OF CHARGE — 


> en tWO conductors are joined together throu 
we charge begins to flow from one conduct 
i ve the same potential. Due to the flow 


wil: 
poth hav l in th 
orgy also takes place in the form of heat. 
ents . 


gh a conducting 
or to another till 
of charge, loss of 


Q=GN 0,= CLV, 
(a) 
@', @', | 
C, g| 
we v 
iv. acs | 
O'7».= CV, Q':= CV, 
(b) 


Suppose there are two spherical conductors of radii r, and r, 
having charges O, and Q,, potentials V, and V,, energies U, and 
U.. and capacitances C, and C,, respectively, as shown in figure. 
_ FF these two spheres are connected through a conducting wire, 
: then alteration of charge, potential, and energy takes place. 
New charge: According to the conservation of charge 
0+-0,=Q/+Q;=Q (say). Also 


O GV Ameo | Aa 


QO CV 4ren QO n 
or 1+ -145 or Q +O ATH 
Q; h Q; h 
~ g= 
Kt 
Similarly 
g =0|—— 
itn 
Common potential: 
y — _Total charge _ O+Q) _ Q+ Q; 
Total capacity G+ G+tQ 
-Gn+ON, 
G+C, 


Energy loss: As the electrical energies stored in the system 
‘re and after connecting the spheres are 


_! l 
Vie SGV? taO 


2 
1 ] ahta | 
and U -4 2_ oot LS <= 
f z+ -Lar C+O 


GO -nh 
2(G, + Cz) 


So energy loss is AU =U; - U; = 


OSS ALE LT CLE ET PREES EEA 
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Capacity of a conductor is a constant term; it does not depend 


upon the charge (Q), potential (V), and nature of the material of 
the conductor. 


Two conducting spheres of radii 6 cm and 12 cm each, having 
the same charge 3 x 10° C, are kept very far apart. If the 
spheres are connected to each other by a conducting wire, find 
(i) the direction and amount of charge transferred and 

(ii) final potential of each sphere 


(i) As equal charge is given to both the spheres, the potential 
V (œ q/R) of the smaller sphere will be higher and, hence, 
charge will flow from the smaller to the larger sphere when 
they are connected. Now, as charge is shared in proportion 
to capacity, and the capacity of the spherical conductor is 
proportional to its radius, 


qi = N geat pyro xw € 
R +R, 6+12 

a = (34+3)x10°=4x10°C 
ae ee ad GFE 


So charge transferred is 
(q,- 4)=(% —9,)=1x 10°C 


(ii) After sharing the final potential of each sphere. 


= eT SC CO 


' CG 4meR, 6x 107 
4 : 9x10x4x10" L. 
and Vj= “2 = -2 =v 
C, R 12x 107 


So after sharing, both the conductors are at the same 
potential, i.e., VW’ = Vy =V=3kV 


A solid conducting sphere of radius 10 cm is enclosed by a thin 
metallic shell of radius 20 cm. A charge ¢ = 20 uC ìs given to 
the inner sphere. Find the heat generated in the process. The 
inner sphere is connected to the shell by a conducting wire. 


Sol. Before connection with the wire, the 
i i >Q y * J ` h 
total electrical energy is U, = g°/Sreyay atter 
connection with the wire, all charges are a 
transferred to the outer sphere. So Y J 
( $ A 
U, = 
BAED 
PT E | E 
AH =U,- pe ee, e 
/ gaela b 


(20x10) x9 x10 ( 1 _ _ 1 
= 7 10x10? 20x10? 
=9J 
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An isolated conductor, initially free from charge, is char a, 
by repeated contacts with a plate, which after each conta : 
a charge Q due to some mechanism. If q is the charge on the 
conductor after the first operation, prove that the maximum 
charge that can be given to the conductor in this way is 
Oq(Q 4). 
‘Sol. At each contact, the potential of both becomes same. 
At the first contact, charges on the conductor and the plate are 
O-qand q, respectively. So 
G-t t y Mae D 
C C, C q 
In the second contact, the charge transferred to the plate is q,. 
Then 
Q-Q _ G+ - Q-4_ O- 4 


i= 
~ C C; q q+ 
o (4+4) (Q-4)=4(Q-4,) 
o gQ-7+q4,9-q4.4=40-44, 
or g,0=q 
_¢ 
qo = —— 
~ 30 


The total charge transferred in a large number of contacts is 


TLE 


ee 
s a. 
ee O= 

Q 


DISTRIBUTION OF CHARGES ON CONNECTING TWO 
CHARGED CAPACITORS 


Two capacitors C, and C, are 
connected as shown in figure. re TERETA ` 


Common potential: By charge 4 p i B 
conservation of plates A and C | | Ci | 


I 

`- . I 
before and after connection, ! 
i] 

\ 


0.+0,=CV+CV "A 1O: iQ F 
\ Ci 


Isolated d system | iy 


So common potential is ne 2 ae 
, , TO / | Initially 
„0+9 CVY+C), m 
C, + C, C + C, | Isolated system | 
Total charge pasren, 0 
Oe pe ee ee ee 1” a | ‘ | 
“Total capacitance (/Ay—————|'} —e 3 


Also 


E: 


gÈ +Q) c LO’, 
‘ —e, p 


=C V=- ; cored 
" Cac (Q +Q) 


Heat loss during redistribution: JURA R 


1 GC i 
AH =U,- U; = zerg Na 


The loss of energy is in the form of heating in the wire. 


Notes: : 

(i) When plates of Le needed 
other (+ with + and — with --), put al l 
and V,) with positive sign. i a 

(ii) When ‘plates of opposite polarity are conn acte 
other (+ with —), take the charge and potential 
the plates to be negative. 7 


Two capacitors C, and C, are charged a ih fat 
20 V and 10 V, faanectwely. The terminals of capacitors Ç . 
C, are marked as (A-B) and (C-D), respectively. A í is sor mineg 
oath C and B is connected with D. 
(i) Find the final potential difference across each capacitor 
i) Find the final charge in both capacitors. ems 


a) How much heat is produced in the circuit 


Sol, C,=2 uF 
(i) Initial charge in capacitor A—— Ea 
Cp 20V 
(Q initia 7 CV t= 
=2x 20 r al IL > 
= 40 uC | 
a l . 10V 
Initial charge in capacitor ; 
C. is Initially capacitors C, and ¢, 
2 are separately charged 
(OyJinitiaa — O72 
as —_— 
= 30 uC Pa SOG 
A 3 


Let the potential of B and 
D be zero and the common 
potential difference across 
the capacitors be V, then 
the potentials at 4 and C 
will be F. 
From figure, it is clear that 
the left plates of capacitors 
C, and C, are forming an 
isolated system, i.e., they are not connected fro! 
From charge conservation, 

CV+CV =3V+2V = 40+ 30 

SV=7WorV=14V 


a | è 
Finally capacitors ¢, and C: 
connected together 
n outs 


+12 pC 


l 


y “inal charge in capacitor C} is 
agin 
pinal charge in capacitor C, is 


(O)anal ah Lee uC 
qhe charge flowing in the circuit in the direction from d to 
Cis 
Now final charges on each plate are shown in figure, 
Heat produced in the circuit is 


l 


(ii) 
L ag 72 | 5 
H=[5ah E zarae] 


los > 1 l 
-[Fx2x00 aco? |-[Ssxo4y 


= 400 + 150 — 490 = 550 — 490 = 60 uJ 


Į 4 is connected with D and B is connected with C, find the 
potential difference across each capacitor and the final charge 
in each capacitor. i a 


Let the potential of B 


Isolated system | 


and C be zero and the common we oe ao 
potential on the capacitors be gf A oe ov] 
“Tithe at 4 and D,it willbe V. / 7 f T 
From charge conservation, l P CN 7 | 
CV+CV=3V+2V S f a 0 
=40-30=10 \ -|i 
m V=2V No DP T 
Final charge in capacitor C, is i asaan JESS 


Ci = 2X 2=4 EC 
Final charge in capacitor C, is 
(Qs) ena) = 3 X2=6UC 


Finally capacitors C, and C, are 
connected together 


CONCEPT APPLICATION EXERCISE 4.1 


| l. (a) How many excess electrons must be added to one — 


| 


plate and removed from the other to give a 5.00 nF 
parallel plate capacitor 25.0 J of stored energy? 

(b) How could you modify the geometry of this capacitor 
so that it can store 50.0 J of energy without changing 
the charge on its plates? 

‘A capacitor of capacitance C is charged to a potential 
difference y from a cell and then disconnected from 1t. 
A charge +Q is now given to its positive plate. Find the 
Potential difference across the capacitor. 

ee identical large metallic plates are 

Placed parallel to each other at a very 

Smal] Separation as shown in figure. The L 

central plate is given a charge Q. What `k 

an of charge will flow to earth when | 

he key ig pressed? | | 

` -ne plates of a plane capacitor are drawn apart pe | 

| 
| 


t ec ar 
em connected to a battery. Next, the same plates are 


awn apart from the same initial condition keeping the 
aitery disconnected. In which case is more work done? 


10. 


- A parallel plate air capacitor is connected 


. Figure shows the variation of charge 
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to a battery. If the plates of the capacitor 
are pulled farther apart, then state whether `a 
the following statements are true or false. ji 
(a) Strength of the electric field inside 

the capacitor remains unchanged, if 


the battery is disconnected before 
pulling the plates. 
(b) During the process, work is done by the external force 


applied to pull the plates irrespective of whether the | 


battery is disconnected or not. 


(c) Electrostatic potential energy in the capacitor 


decreases if the battery remains connected. 


. Figure shows the variation of VA 
voltage V across the plates of B 
two capacitors A and B versus V/,--- -= Ld 
increase in charge Q stored in ! 
them. Which of the capacitors has 2L- --» 
higher capacitance? Give reason J 
— >} 


for your answer. 
Ch 

q versus the potential difference V A 
for two capacitors C, and C,. The 

two capacitors have the same plate 

separation, but the plate area of C, | 

is double than that of C,. Which of 
the lines in the figure corresponds 
to C, and C, and why? 


r 
p 


. A capacitor of capacitance C is charged to a potentiai 


difference V,. The terminals of the charged capacitor 
are then connected to those of an uncharged capacitor of 
capacitance C/2. 

(a) Compute the original charge of the system. 

(b) Find the final potential difference across each 
capacitor. 

Find the final energy of the system. 

Calculate the decrease in energy when the capacitors 
are connected. 

Where did the “lost” energy go? 


(c) 
(d) 


(e) 


. A parallel plate vacuum capacitor with plate area 4 and 


separation x has charges +Q and —Q on its plates. The 

capacitor is disconnected from the source of charge, so 

the charge on each plate remains fixed. 

(a) What is the total energy stored in the capacitor? 

(b) The plates are pulled apart an additional distance dy. 
What is the change in the stored energy? 


(c) If F is the force with which the plates attract each | 


other, then the change in the stored energy must 
equal the work dW 
apart. Find an expression for F. 


(d) Explain why ¥ is not equal to QE, where E is the — 


electric field between the plates? 


Fady done in pulling the plates | 


A capacitor of capacitance C, which is initially charged — 
up to a potential difference €, is connected with a battery | 


of emf € such that the positive terminal of the battery is 
connected with the positive plate of the capacitor. Find 
the heat loss in the circuit during the process of charging. 


| 


+10 Electrostatic and Current Electricity 


11. 


= 


ag ~ 
In the above question, if the positive terminal of the battery DIELECTRI C 
is connected with the negative plate of the capacitor, find 
the heat loss in the circuit during the process of charging. 
12. A radioactive source in the form of a metal sphere of 


A dielectric is a nonconductor up to a certain value o 


depending upon its nature. If the field exceeds the limitin e fiy 


called dielectric strength, a dielectric loses its insulating onl 
diameter 10° m emits 8 particles at a constant rate of and begins to conduct. Dielectrics are of two types: Pery 
6.25 x 10"" particles per second. If the source is electrically Polar dielectrics: In polar molecules when no electri fi 
insulated, how long will it take (in us) for its potential to | applied, the center of positive charges does not coincide ai | 
tise by 1.0 volt, assuming that 80% of emitted particles center of negative charges. Ith the | 
| escape from the surface. l A polar molecule has a permanent electric dipole Moment ( 
| 13. The plates of a capacitor are charged to a potential in the absence of an electric field. But a polar dielectric 5 
| difference of 100 V and then connected across a resister. net dipole moment equal to zero in the absence of an cle sa 
The potential difference across the capacitor decays field because polar molecules are randomly oriented as ia 
exponentially with respect to time. After one second the figure. mm 
potential difference between the plates of the capacitor is Soy 
80 V. What is the fraction of the stored energy which has Be 
been dissipated? S 
14. A parallel plate capacitor of capacitance C, is charged | 8 D ay D E 
using a battery of emf V, Calculate the work done by | SD D 
external agent in reducing the separation between the | cD 6) meaai ii 
plates to half its original value if | 
@) The banery is disconnected before you stat (Ð Polar molecules with (b) Polar mates 
decreasing the plate separation. . ‘ , 
. : | Polar molecules have random orientations when there is no 
(b) The battery remains connected while you are | applied electric field. The molecules tend to line up with an 
reducing the separation. applied electric field E. 
(Assume that the plates were moved very slowly) l 
15. Three capacitors of capacities 1 uF, 2 uF and 3 pF are | In the presence of an electric field, polar molecules tend to line 
charged by 10 V, 20 V and 30 V respectively. Now, up in the direction of the electric field, and the substance has: 
positive plates of first two 10.nC | finite dipole moment. , 
capacitors are connected +| = | Nonpolar dielectrics: In nonpolar molecules, when no elect 
with the negative plate of 1 pF, 10 V field is applied, the center of the positive charge coincides p 
third capacitor on one side Sı w the center of the negative charge in the molecule. Each molect!: 
and negative plates of first _49 uc +) |= +40 pC has zero dipole moment in its normal state. 
two capacitors are P 2 pF, 20 V 
connected with positive 2 | 
plate of third ao on | 2p á | Q € 
the other side. Find 3 uF, 30 V | Q 
(a) common potential V 
(b) final charges on different capacitors 
(a) Nonpolar molecules (b) Nonpolar molecules 
ANSWERS with no applied electric field with applied electric field | 
1.(a) 3.125» 10° (b) Half the plate area or double the cat Se avis pee ee eae | 
separation between the plates slightly by an applied electric field E 
Q : «| 3 
ies aC ane $: Cni disconnected When an electric field is applied, the positive sp! } 
5. (a) True (b) True (c) True sce experiences a force in the direction of the electric fie w 
. , , ppn , negative charge experiences a force in the direction oppo! t 
| 7. Line A: Capacitor C,, Line B: Capacitor C, the field, i.e., molecules become induced electric dipole. i 
8 2 ee l asa Note: | be calle? 
-(a) CV, (b) =V, (c) =CV (d) -CW ote: In general, any nonconducting material can a tl 
3 3 6 a dielectric, but nonconducting materials having n I e 
9 xQ? Q Q’ i molecules are referred to as dielectric because an induced iP”, 
. (a) eA (b) Be jé (c) Z,A 10. Zero moment is created in the nonpolar molecule. liia 
| l 
11.2e°C 12.6.95 us 13. z 14. (a)-c,v? (b) -loy POLARIZATION VECTOR ipo : 
m o ea 4 2 We know that under the action of an electric field, a net Pg i 
ASLA) = volt) g = z HC, q, = Pac, q, = 20 uC 


a 
moment appears in the dielectrics. Microscopically (for 4 
J or molecule) this effect may be very small but for the dipo! àh 
SS ae specimen this effect is significant inducing a considerable 


| 


—_—_—— 


ee caus millions of dipoles orient in same dire 


— 


n a i ction. A eooo Capacitor and Capacitance 4-44 
pe ositive and negative bound cha : Dielectrj meme 

ra Í, oal Pa jectric This effect i T8es appear at the ectric breakdown and dielectric strength: If 

f sof the dielec Is called polarization wh; electric field is created in a di . gth: If a very high 
gf by? vector ich detached from hei ned mca a Pe electrons may get 
“ave . nt atoms. The dielectric then behaves 
65 np like a conductor. This phenomenon is known as dielectric 


j- E, breakdown. 
, 
The maximum value of an electric field (or potential gradient) 


-total number of dipoles and p = dipole moment of each 


pee" 


ft a dielectric is subjected to an electric field a net 


cje moment appears in it. As a result, an equal and Opposite 
ip 4 charge appears at the opposite surfaces of the dielectric 
nA i called polarization. Polarization is defined as a vect 
4 netdipole moment i “ 
pe volume of the dielectric 
yolume 

pe ATION BETWEEN POLARISATION VECTOR AND 
SURFACE CHARGE DENSITY 


when 2 rectangular dielectric slab is placed in a uniform electric 
feld it gets polarized. In consequence, equal and opposite bound 
charges -Q and Q appear on the faces lying perpendicular to the 
feld E. 

The net dipole moment of the slab is given as Poa = ”P, where 
y= total number of dipoles and p = dipole moment of each 


fpole, Substituting Py. = Ql, we have Q/ = np. Dividing both 
sides with the volume of the specimen, we have 


Ql _ np a 2-(2) 


that is, dipole moment per unit 


Al Al A \Al 
Here P = totaldipole moment _ p 
Al total volume 


ad = c, (surface bond charge density) 


Then, P = G, 


Hence the polarization vector P is defined as dipole moment 
per unit volume which is numerically equal to surface bound 
charge density 


Polarization of a dielectric slab: A dielectric slab can be 
lized by inducing equal and opposite charges on the two 
r of the dielectric by the 
PPlication of an electric field. 
Em a dielectric slab is 
irte between the plates of a 
Pacitor as shown in figure. 

; Pia electric field inside 
ie *ctric is Æ; hence, a 
© maj electric field decreases 
= field E to E — E i.e. new 
vill between the plates 

=E-E,. 


ie] . i , , 
fila constant: After placing a dielectr! 


the net field is de , 
creased in that region. pe 
When field and Æ’ is the reduced electric field, B/E ne 
K is called dielectric constant. K is also se ane 
than Mvity (£) of the material. The value of K is always ae 


an one. For vacuum, there is no polarization and hence £ = 
ik=], i 


ee ee ee ee ee 


tp tt tee + + 


c slab in an electric 
If E is the original 


that a di . 
a dielectric material can tolerate without electric breakdown 


1S . . . s 
called its dielectric strength. SI unit of the dielectric strength of 
a material is Vm. 


INDUCED CHARGE ON THE SURFACE 
OF DIELECTRIC 


Consider an isolated, charged parallel plate capacitor with air 
or vacuum between its plates.Now we insert a dielectric slab, 
dielectric constant K, completely filling the space between the 
plates of the capacitor. The capacitor is not connected to the 
battery so charge cannot flow to or from the plates. This capacitor 
has a charge +Ọ on one plate and —Q on the other. 

In the absence of electric field the dipole moments of polar 
molecules are randomly oriented and the net charge on all the 
dielectric’s surfaces is zero. When the dielectric is placed in the 
electric field of the capacitor, the polar molecules experience a 
torque and tend to align with the electric field. 

The overall effect of the dipole alignment is to make the left 
surface of the dielectric negative (dielectric surface facing the 
capacitor plate with charge +Q) and the right surface positive 
(dielectric surface facing the capacitor plate with charge —Q). 
These unbalanced charges are not free to move (charges are 
free in conductors only) they are tied to the molecule. These 
charges on the surface of the dielectric are called bound charges, 
induced surface charges. This bound charge density, 0, creates 
an electric field of magnitude o;/€,, while that due to the free 
charge on the capacitor plates creates a field of magnitude 07&). 
Note that free charge is that which we place on the conducting 
capacitor plates by some external source (Battery) whereas 
bound charges appear due to polarization effects. 


oO Eo -0 


(a) Electric field of magnitude 


E, between two charged plates (b) Introduction of a dielectric 
o be , 


constant K. 


ttt 


ARENA 


(d) Resultant field of magnitude 
Eo /K when a dielectric is 
between charged plates. 


(c) Induced surface charges 
and their field (thinner tines). 


| 
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The field produced by the bound charges is ae Ae 
the original field between the plates. The total fie ne ka 
superposition of the field from the charges on the con ‘ " pi 
plates and the field caused by the bound charge on the surtac 


i ' ; tri Ey be the or iginal field in 
e Cc constant, 1 
Let K be ie diel cti D MA th | tric fi | 


vacuum if the dielectric slab was not t 
induced in the dielectric slab, and Ebe “ne ie electric field in the 


dielectric slab. Therefore, | 
E=E,- E. (1) 


and 2 =K (by definition of K of €,) 


E . 
o E= = (il) 
From (i) and (11), 
E 
Ey- B= = 
or E,K-EK=E, or E,K- E= EK 
K-1 si 
or E= Ey ...(i11) 
or —= — o d= Oo 
& K E0 K 
O _ K-10 
o === 
A K A im Qi + Qi 
h 1 ) pee] || — 2 
or = -— ase 
oO ) (iv) 
This is irrespective of the 
thickness of the dielectric slab, 
i.e., whether it fills up the entire 
space between the charged plates 
or any part of it. 
CAPACITY OF PARALLEL PLATE 
CAPACITOR WITH DIELECTRIC 
Suppose that a parallel plate capacitor 1 
has a plate area A and a separation d, ‘i ~ {dA 
and a dielectric slab of thickness £ and Hig ha 
area A is inserted between the plates. Let __|j+ - 
O be the charge given to the capacitor eo 
plates. The electric field between the pe 2 j 
plates of the capacitor is given by + H a 
e— 
Paea L d 
£p AE, }¢——— (/—__p | 
‘The electric field in the region of the 4 Olea fa bid pi - Q 
dielectric slab is PE e i 
, c ja 
aL +t k 
K K&A 
We know that if the clectric field is ~ | |» <i es 
constant, then the potential difference p- > 
between two points separated by > b 


distance d along the field line is Ed. The 
potential difference between the two ee-ie 
plates is, therefore, 


anne | 


"KeA EA 
= 2 t PER p= (d-H +2 | 
= BA (f + f) KeA 2 £&A KeA | 
Q | EA | 
(= i = oo ee Gee ae = ———— 
p-k OO) yt. (dahh 
EA ked K 
Hence capacitance of the system will be 
ja. E94 
i d jee 
oo K 


Note: es 

. “The Lamia in the above situation is independent ofthe 
-© position of the dielectric slab with respect to the plates, The 
capacitance depends upon the thickness of the dielectric 
lab and the. dielectric constant. 

e The dielectric constant of the conducting slab (metal pla 
ae is infinity; therefore, the term ¢/K reduces to zero. TE we 
sert a | metal pite of thickness ¢ between the Piates of tie 


E 


will become. C= 6, Al(d — t). Also the capacitance willie 
independent of the position of the metal plate between ie 
plates of the capacitor. 

e If -d, then C = €)A/d. Hence if we place a thin mai 
ie. plate: parallel to the plate of a capacitor, the ana 
- the capacitor remains unchanged. - ; 

ab . completely fills the space between the plas 
d and therefore, 

Ce EA K&4A 

Ny diK a 

ses. If the space between the ee is completely filled s sw 
_ conductor, then ¢= d and K = 


Per Aa 
ADENN 


If we place many dielectric slabs parallel to the plate att 
capacitor as shown in figure, then the capacitance is g1V en bY 


Ca &4 


a-Gtht. Da Be. 


If we introduce a number of dielectric 
slabs, which completely fill the space 
between the plates, then 


BAL PEM EW cok 
n 


Therefore, the capacity of the capacitor 


will be 
t bi : + ) 
ky k> ia 


EFFECT OF DIELECTRIC ON 
DIFFERENT PARAMETERS o fill 


Let the entire space between the plates of a capacitor ” 
with a dielectric of dielectric constant K under two con 


stio” 


D ` 


j ae battery remains connected and (ii) after the b tt l 
attery 


» wh 
| connected 


if battery remains 
connected 


When battery is _ Be: 
1S _ disconnected 
In this case, the charge on the 


z Pease the potential 


15 

nt es the plates will pl i 

1 ace across the plates plates will remain s l 
serene emain same, i.e., | 


am q = Qo Since in an isolated 
system, charge is conserved 
4 K 
| | 
ao 4 
oo d 


B Capacitance increases, i.e. 

„ Capacitance increases, 1.€., C= KC,, since capacitance 
c= KC, since capacitance depends upon geometrical 

upon geometrical factors only. 

Potential difference 

between the plates is 


depends 
actors only. o 
Charge on capacitor is 


| 7. Y F 
q = C} J KCL, = Kq, V a ee do 2 Vo 
(Since initiaily qg = Calo CRG ae 
Thus, charge increases and So the potential difference 
| becomes K times of previous decreases. 
charge. | 
s Electric field is e Field between the plates is 
v] K Ve A | 
E=|—|="-=& oe 0 
dl d d Kd K 
| -Kinan 
as V =V and — = Eo asp ee T] 
J | 
Thus, electric field remains So, the electric field | 
same. decreases. 
+ Energy stored in the capacitor ° Energy stored in ad 
| is | capacitor is 
„l 1 g ú _ Wv 
HE a =— g Sae o ae 
7 z EC) U 2C 2KG K 
l = C=KC 
=K—CV2 = KU, (as g = qo and 0) 
2 energy decreases 


Thus, 
and becomes 1/K times of 


previous energy. 


/ ki 
| (5C=KG, and Uy=5 60" | 


6 
Sa energy increases and 
| _ comes K times of previous 


The electric field between the plates of 4 parallel plate aa a 
diet” The space between the plates is filled complete YT duis 
electric, There are n molecules in unit volume of the dielectric 
td each molecule is like a dumb-bell of length L with T e ia 
ae charge +q and —g. Assume that all molecular : ae 
A aligned along the field between the plates. Find the 

i between the plates after insertion of the dielectric- 
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hai gel 7 electric field between the plates the molecules of 

(aferoe get polarized, the dipole moment per unit volume 
perfect alignment) in the dielectric = gLn 

Net dipole moment induced in dielectric slab = qLn.(4d) 

“. Charge induced on walls of the dielectric 


LnAd 
On =¢ 1 = +qLnA 
C 
<. The electric field due to induced charge En = = 
EA E 
qLn 


The electric field between the plates, £ = £, — En = &9 ~~ 
Ep 


a 5 : y 
CaS) RO 


RIG AE : 
oN 


You have been given a parallel plate air capacitor having 
capacitance C,, a battery of emf Vand three dielectric blocks 
having dielectric constants K,, K,and K,such that K > K> K, 
Each dielectric block can fill completely the space between 
the plates. Describe a sequence of steps such as connecting or 
disconnecting the capacitor to the battery, inserting or taking 
out of one of the dielectrics etc-so that the capacitor ends up 
having maximum possible energy stored in it. 


2 


> The potential energy of a capacitor is given by. U = moe 
ZE 


For maximum value of U, we should have maximum value 
of charge(Q)Jand minimum value of capacitance (O). Q will 
be maximum when battery is connected with capacitance at 
maximum possible value. The capacitance of parallel plate 
air capacitor with completely filled with dielectric is given by 
C= KC, 

For maximum capacitance K should be maximum. Hence 
dielectric with constant K, should be inserted. 


Hence, Caa = KiC 
If battery is connected to this capacitor, charge on it will be 
maximum 

Oras = Vmax = KVCo 


Now battery is disconnected and dielectric is removed so that the 
capacitance of the capacitor becomes minimum. 
Hence the maximum possible energy stored in capacitor, 


2 9 = Ky} “Co = lrc 


OF se T IC IC > 0 
= A c 


ILLUS j oia 
A parallel plate capacitor contains a mica-sheet (thickness 
10-3 m) and a sheet of fibre (thickness 0.5 x 10° m). The 
dielectric constant ofmica is 8 and that of fibre is 2.5. Assuming 
that the fibre breaks down when subjected to an electric field of 
6.4 x 10° V/m. Find the maximum safe voltage that can be 


applied to the capcitor. 


Let E, be the electric field due to charges on plates (not 


due to induced charges). 


v 


| 


ae al . ie eR N 
| difference between plates increases by a D | 
vm 
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—_> Ew 


let ttt 


= 
— 

= +} 
SRE 
a 


| 


The potential difference across the plates of the capacitor, 


y=l +l, 


As the sheet of fibre breaks down when it is subjected to an 


electric field of 6.4 x 10° V/m 


E,, Bs 
)=Ed + E,d, =—d +—d, 
1 2 K, 1 K 


2 


—_ 


— 


6.4x10° x10” 7 6.4x10° x0.5x10™ 
7 $ 2.5 


= 2.08x10° V =2.08kV 


ILLUSTRATION 4.177 


A parallel plate capacitor completely filled with a dielectric 
slab. dielectric constant K = 3.4, is fully charged with a 100 V 
battery. When the capacitor is fully charged, the battery is 
removed. The area of plates A = 4.0 m? and separation between 
plates d = 4.0 mm. (a) Find the capacitance, the electric 
fielá strength and the energy stored in the capacitor. (b) The 
dielectric slab is slowly removed without changing the plate 
separation and any charge transfer from capacitor. Find the 
new capacitance, electric field strength, voltage between plates 
and the energy stored in the capacitor. 


(a) In presence of dielectric slab the capacitance of a capacitor 
will increase K times, C = KC, 


KeA _(3.4X8.85x10” X4) 


C= = t 
7 rar. 3.0x10 F 
The electric field between the plates, 
V 10 sy 
d 40210 j 


The total energy stored in the capacitor is 
eer ae 
U= 5c = 5 (3x10 “OAO =1.5x10*J 
(b) The capacitance without diclectric is 
E ax 


There is no transfer of charge, hence 
CV =C,V, = (KC,W =C V, = V= KV 


capacity of the system. Separation 


K=34 
340 


. VA 
The electric field is E = 740x107 = 85kV/m 


The energy of the capacitor is 


-ley = 5 (8:8x10 1340) = 5.110%] 
2 


A dielectric slab fills the entire space of 
a parallel plate capacitor. The dielectric 
constant of the slab varies linearly with 
distance, varies from K, to Ky from 
one plate to other. Find the equivalent 


—— 


———— alir 


between plates is d and area of plates A. 


the dielectric constant varies linear 


It is given that | 
on for dielectric constant as: 


hence we can write the express! 
K(y)=aytb dl 

where a and b are constants and y is measured from lower pla: 

these values can be determined from boundary conditions 


. 


K=K, aty=0_ hence K, =b 
K=K, aty=d hence K, =ad +b Ait 
K, —K 
From (ii) and (iii) a = F Ll b=K, 


Let charge Q be given to the system, electric field at a disun 


from lower plate is 
— 
dy 
——— 


a ae 
E(y) KQ)é,4 


So the potential difference across a 
differential element dy at adistance v is 


dV = -E(y)dy 


Thus - [ iya [ Q di 
i ) K(y)eA - 


Q u dy cae 2 
z —— y = sa | g 
EA | ay+b sALa ve s») 
V = V, Z Q inf rt) 
Ey cla b 


T ' ) d OA 
Thus C = — Q 7 = Aa 


h-r, a(t) 
b 


On substituting values of a and b, we get 
C= EA K-K, 
d \n(K,/K,) 


| 
Í 


—I 


z 


_ 


2- 


qar 


aN 


` Å dielectric slab is filled in the space 


thin conducting plate is kept in an exter 

I gre electric field E, Find the induced surface ies 

ined parallel plate capacitor stores an energy 

103 Jin the absence of a dielectric. If the dielectric 

© _ 100 is introduced, 

‘ ‘and the energy in the capacitor. 

ii) where does the extra energy go? 

a charged capacitor has energy U, = 2 x 104 J and 

‘4x 10°F, in the absence of a dielectric. When 

he potential difference is kept constant by keeping the 

capacitor connected to the supply, assuming € = 150, 

i) find the new energy stored when the dielectric slab is 
completely filled with the capacitor. Account for this 
change in energy. 

(ii) how much excess charge flows from the supply 

(ii) find the ratio of the charge on the plate of the 
capacitor and the charge induced on the dielectric; 

4 parallel plate capacitor with plate area 100 cm’, 
separated by a distance of Imm. A dielectric of dielectric 
constant 5.0 and dielectric strength 1.9 x 10’ V/m is filled 
between the plates. Find the maximum charge that can 
be stored on the capacitor without causing any dielectric 
breakdown. 

A dielectric slab of thickness d/4 

and relative permittivity € = 2 

is inserted between two parallel 

conducting plates each of area A 

kept at a separation d. Find the: 

(a) The charge density in the 
inner side of conductors 

(b) The charge density on the dielectric slab 

(c) The electric field in the dielectric 

(d) The potential difference between the conductor 

(e) The capacitance 

The separation between the plates of a parallel-plate 

capacitor is 0.05 m. A field of 3 x 104 V/m is established 

between the plates. It is disconnected from the battery and 
4n uncharged metal plate of thickness 0.01 m is inserted 
between the plates of the capacitor. 

(a) What would be the potential difference across the 
capacitor, (i) before the introduction of the metal 
plate and (ii) after its introduction. 

(b) What would be the potential difference if a plate of 
dielectric constant K = 2 is introduced in place of 
metal plate? 


Uy) 


Ow —1d/4e- +20 


k— d — 


Wii the parallel plate capacitor 
Ose relative permittivity varies as 
€ =a+t bx 


Fi 
to the (a) capacitance of the system 


A pi at a point situated at a 
ance x from the origin O. 
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NCAR Was e ANSWERS Feet 
l.o=e,E, 2. (i) 105 J 
3. (i) 0.03 J (ii) 5.96 x 410% C (iii) = 4.8.4 x 10°C 


5. (a) £ (b) 3Q (c) Q (d) 21Qd (e) 8é9A 


4A 46, A 166A Td 
6. (a) (i) 1.5 kV (ii) 1.20 kV (b) 1.35 kV 


7. (a) Ey Ab (b) Q inf 27% _ 
inf 20) E) Ab l a fh = 
n| ——— 

a 


COMBINATION OF CAPACITORS 


Sometimes to obtain a desired value of capacitance, we group 
two or more than two capacitors together. In this section we will 
learn how to find the equivalent capacitance when two or more 
than two capacitors are grouped together? 

The equivalent capacitance of a group of capacitors is that 
value of capacitance of a single capacitor that will allow to 
flow (or store) the same amount of charge for a given potential 
difference as done by the combination. In other words, that single 
capacitor will perform the same task as done by the combination 
in all respects. Capacitors can be grouped in many ways, but the 
two common types of combinations are (i) series combination 
and (ii) parallel combination. 


CAPACITORS CONNECTED IN SERIES 


Suppose n capacitors are connected in series as shown in figure. 
Ce is the equivalent capacitance of this system. 
Oo & È 


} 
a 


Let a battery V be applied | 


| 
2 LL 
or == 
Be ag 
i Csa C C; 
In general 


l 5 l 
Cog n=} C, 
Thus, the reciprocal of the equivalent capacitance of a senes 
combination equals the sum of the reciprocals of the individual 
capacitances. 


FINDING POTENTIAL DIFFERENCE ACROSS THE 
CAPACITORS CONNECTED IN SERIES 
Suppose two capacitors C, and C, are 


, , 2 Q C 0 G 
connected in series and a potential +) | - ‘Te 
difference V is applied across them V, V» 
as in figure. 

Potentials appearing on the 
capacitors are V, and V,, respectively. , 


Q is the net charge that flows in 
circuit, then 


a = = = 


4.16 _Electrostatics and Current Electricity ——— = In general 
CC, 4 
| l 1 d bee = C, 
e CT G or Cog Q +C, Cog 2 
eq (i) That is, the equivalent capacitance of a parallel combina 
Kuth V p oC ii) equals the sum of the individual capacıtances. On 
; > Ae „(11 ee 
geanne = eG FINDING POTENTIAL DIFFERENCE ACROSS THe 
nacitors will be divided in the TED IN PARALLEL 
It means potentials on the capacitors will be divided in CAPACITORS CONNEC . 
inverse ratio of their capacitances. Let two capacitors C, and C, be connected in parallel and , 
From (i) and (ii), potential difference V is applied across them. Then 
: hy a C,=C,+¢, 
Note: i ; y= Q Q 
e In a series combination, the equivalent capacitance 1s Cc. c 
always less than any of the individual capacitance. From (ii) 
e Ina series combination, charge on each capacitor is same nee 
but potential is different. From V = q/C, it can be said that Q z KON - 
larger is the capacitance, lesser is the potential. We can say Q CG, (ti) 


that the potential difference across the capacitor is inversely 


i i . Sapa ee It means charge will be divided in the direct ratio of g 
proportional to its capacitance in series combination. 


capacitances. From (i) and (iii), 


JAA üs GQ Q, = C,Q 
I wa os GAC, = CA, 
1 l 
€ = Note: | : 
SS E y= i i 2 i V e In a parallel combination, the equivalent capacitance js 
G + a + T Be G 4 rR $ a Eoo always greater than any individual capacitance. 


e Ina parallel combination, the potential on each capacitors 
same but charge may be different. From q = CV, it can be 
said that greater is the capacitance, greater is the charge. 
NI IECTED IN ° Charge is distributed on the capacitors in the ratio of ther 
PARALLEL = = Capacitances, i.e. q]: q, ... : a S; C 


Let 7 capacitors be connected in parallel as s 
is the equivalent capacitance of this system. 


where V = k + IA + Y; 


CAPACITORS CO 


aowa i gite, Coq | important Points: n 


ee When the dielectric are placed so that the field intensity 
is perpendicular to their interfaces, we can treat ext 
dielectric forming a parallel plate capacitor with two thin 
conducting plates identical with that of the given capacitor. 
Asa result, the given combination can be reduced to a semis 
combination of n number of capacitors having the effective 


capacitance C given as 1 — 5: 1 whee 66,4 
e G — J 
Sonen i 
/ A aS) oe | Seana 
— = ees 
4 aoa 
Let the total char . Vf kz- 
arge flowing through + J} i 
q=q,+ Gat... + q Sumis battery be q, then dy d, . 3 D 
a CV=C Ve : Ci C, 
X a l CVte+oy Av—_ — i _ C, 
a OFC + tC aialeietetetot —| | oB 


~~ 


e dielectrics are connected so that their interfaces 

g when ilel to the applied field, we can treat each dielectric 
are paral x parallel plate capacitor corresponding to the area 
forming A tact with the conducting plates. Then, taking all 

0 a is acto in parallel, the equivalent capacitance of the 


A ston can be given as C = £C,, where C, = anA 
0 


Find the equivalent capacitance of an air “capacitor of 
C when the two dielectric slabs of dielectric 
constants K, = 2 and K, = 1 are introduced as shown in 


capacitance 


Figs. (2) and (b). | 


(b) 


(i) The given system can be made equivaient to two capacitors 
C, and C, in series. 


For left part Gi = sis = = 
For right part C, = as = 
i 
Ci C 


As both Capacitors are connected in series, hence the 
equivalent capacitance 

Til 1_ d 2d _ 5d 

C ¢ CG, ma E, £,A 26,A 


E,A 
As C, =Æ% hence C = =—* 
d 
ans approach: 


E,A 
C=—“_., where x =d, x, = 2d;K, =2&K,=! 


x, x, 

— 4+ —— 

K, K, 
C=&4 _ £4 

d 2d 5d/2 


2 1 
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Y 


As C, = af hence C= a 


(ii) The given system can be made equivalent to two capacitors 


C, and C, in parallel. 


For upper part C, = i Ei | 
-| n Å— D a 
d d 
A z 
ook,| 2 EA 
For lower part C, = r sd B 


Then, C,, = C, + C,, (because C, and C, are in parallel). 
E,A A E,A _3EA _ 3 C 


FINDING EQUIVALENT CAPACITANCE 


Equivalent capacitance can be found by using the successive 
reduction method. Let us learn this method through the following 


illustrations. 


an neue, different capacitors are arranged. Find the equivalent 
capacity across the points A and B. 


our 9 uF 9 uF 9 uF 
+ euF om =a 
= | 
I j a 
B— Í b} 
9 uF 9 uF 9 uF 
(i) (ii) 


‘These two capacitors are | These two capacitors are 

\connected in series. | connected in parallel. 

ee capacitance | Equivalent capacitance 
=6 © 6/(6+6)= pF | ZAKIS 


g ~ 


ra “AD 
(6 Pi p | 6pF Now ci circuit ia > 
T we a , ee 


2 r 


These two capacitors are 


connected in parallel, i 
These two capacitors are 

| jconnected in series. 

| Equivalent capacitance | 


| = 6x6 (6+6) = 3pF 


Equivalent capacitance 
3+2=5 pF 


3 pl’ 
A |- 


A 


tr 
y 
gz 
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nee e | 
(il) [These three capacitors are | 
connected in series. 
| Equivalent capacitance 


iin LL 
Tae el 

These two capacitors are 

connected in parallel. 

Equivalent capacitance 

= 6+3 =9 pF 


=9/3=3 pF ied <r 
ase : \ 
Fa 
F 9 uF 
OuF 0 9pF N 
A A A ' y N, A — 
6 uF TEARD Gg C> 

Be— y B — 

9 uF 9 uF 9 uF |” 9 uF 


‘These two capacitors are | 
‘connected in parallel. | 
\ Equivalent capacitance | 


[26043 =E e> 


Equivalent 
capacitance 


=9/3=3 pF | 
B— B— H gpp a gE 
9 uF 9 uF S Si 
ALLUSTRATION 4.21 7 
Different capacitors are arranged as shown in figure. Find the Pc ak a a 


equivalent capacity across the points A and B. 


(a) 
| The potential of all four points will be V, asi 
they are directed connected through 
conducting wire. 


i 


ne kas | of this point as | 


V, = V, | 
C C PE Lesions z 
AO | V, i c Pa 


| Take potential | ” 
_ of this point as | 


| 


‚Capacitors 0,© and © are having same | 
| potential difference V,—V, hence are in 


a parallel 


| Hence equivalent capacity 3C | 


LAO eal 


| | | The potential of all four points will be V, as 
| | | they are directed connected through ‘ 

conducting wie, Equivalent capacitance 
— Seas hee Soa oT = 2Cx CHC + C) =2/3C 


a 


[These three capacitors are 
connected in series. 

Equivalent capacitance ~ 

3 peer peas we 


a ee a 


an ~ 


< 


iV | 


A ee ee ee 


_ These two capacitors are 
connected in series. 


—_—— 


Hence equivalent capacity = a R C -$ 
3 


Three capacitors are arranged 


v, CDr —— kor, as shown in figure. Find the 


equivalent capacity across the 
points A and B. 


he potential of all four points will be Vas hey 
are directed connected through conducting wire. 


| These two capacitors are 

| connected in parallel. 
| Equivalent capacitance 
Li 


nan ee oo. 


a | 


gince there is no capacitor in the path APB, the points 4 
a Bare electrically same, L.e., the input and output points 
p, am ectlY connected (short circuited). 
are Sie entire charge will prefer to flow along the path APB. | 

‘a that the capacitors connected in the circuit will not receive 
"harge for storing. Thus, the equivalent capacitance of this 
zero. 


circuit Is 


inthe circuit shown in figure, the potential difference between 
he points a and b is 4 V. Find the emf € of the battery. 


| Assume that before connecting the battery in the circuit, all the 
rere uncharged. 


ca citors W 
p? 6 uF 
a b 
| a 
10 uF 12uF 6uF 
4.5 uF | 5 uF 
30 uF E | 
d aan, e 


‘So. The capacitors 12 uF and 6 uF are in series arrangement. 
The charge in each will be equal. 


gq,=CV=12x4=48 uC 
The potential difference across the 6 uF capacitors is 


12x4 
v= Ves V 
a. aE i P 10uF 
c—> — + 
Tt | ar a; 
0 uF= 12 pF 6 uF 
45 UF=30 pF | | 


The potential difference between points a and c is V, — y= 
4+8=12 V. The equivalent capacity in portion (1) is 10 pF. The 
charge on it is (10 x 12) pC =120 pC. Portions (1) and (2) of the 
arcuit are in series combination. 

Hence,12 x (y, ~V,)=120 pC or V,-V,=10V. The capacitor 
A is also in series with 10 uF (see figure). Hence, charge on it Is 
yo EC. Thus, V, - V, =120/5 = 24 V . Now E = (12 + 10 + 24) 


=46 V. 

W— 12 V-—_»| 
„uF, ; 

VANJE TO 

10 V E 3 Tsp 24V 
i 1 

$ i y pa 

3 d e 
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A capacitor is made of a flat plate of area A and a second plate 
having a stair-like structure as shown in figure. The area of 
cach stair is A/3, and the height is d. Find the capacitance of 
this arrangement. 


A/3 fa 


A/3 


Sol. The arrangement is a parallel combination of three 
capacitors. Each capacitor has a plate area A/3, and the separations 
between the plates are d, 2d, and 3d, respectively. So 


E,A/3 E&A 
(=. T | 
3d 3d | 
C = EyA/3_ E&A Cc Ce ZC, 
| 


? 2d 6d 


oe E,4/3 E&A 


3d 9d 

As these three capacitances are in parallel, their equivalent 
capacitance is given by 

EÁ EA E&A _ lle,A 


Casa ed d 18d 


Three capacitors of capacitances 3 uF, 6 uF, and 4 pF ae 
connected as shown across a battery of emf 6 V. 


Vy Bia V2; Our 
71 qz C> 


(i) Find the equivalent capacitance. 
(ii) Find the potential difference and charge on each capacitor. 
(iii) Find the energy stored in each capacitor and the total 
energy stored in the system of capacitors, 


(i) C, and C, are in series, so their equivalent capacitance is 
CC, 3x6 
C.+C, 3+6 


w 


= 2 uF 


This C’ will be in parallel with C,, so 
Ca” C'+C,=2+4=6 pF 
(ii) 6 V will be divided across C, and C, in the inverse ratio of 
the capacitances. So potential difference across C, is 
Cy 6x6 
l = -- = = 4 V 
C, +C, 3+6 


Waa 
4,20 _Electrostatics and Current Electricty (i) Find the equivalent capacitance. 


and potential difference across C, 1s (ii) Find the potential difference and aes On each capac: : 
CV _ 3x6 _ 2V (iii) Find the energy stored in eac capacitor and the fy 
in C+C, 3+6 energy stored in the system of capacitors. al | 
C. is eaei directly across the battery without | 
e a as 
a ‘capacitor in between, so potential difference “Sol. | PEN E O 
across C, is V = V= 6 V. Also charge on C, is es pacitance i 
D 3 k t Y = + — a 
q,=CV,=3x4= 12 pC Ca 0, +0, 


This C’ will be in series with C,, so the net CqUivale, 
capacitance is 
| CC _ 4x12 
Coa = C,+C' 4+12 
(ii) g, = Cal =3* 12 = 36 KC. 
q, will be divided into q, and q,, SO 


and charge on C, is 
q, = CV = 6X2 = 12 uC 


We see that q, = q,, because in series, charge is the same. 


Charge on C, is 
q,=C,V,=4% 6=24 pe 


Alternative method to find charge: Cq, _ 4x36 -12 pC 
Ma co |] PUG +e, 4+8 
tl ae i C, +C; 4+8 
i 


gq, 36 


Total charge that will flow through the battery is V, = a = = =9V 
Q =C V =6x6=36 uC ! ; w36 
It will be divided in the direct ratio of C’ and C,, so y=), = A = = 7 =3 V 
C'O 2x36 2 
n= ~ = ane V Vo = V: 
© C'+C, 2+4 | 2= V3 
__ GQ = OP 94 1G C)=4 uF C’=12 uF 
a C'+C, 2+4 
(iii) Energy in C, is ) 
U = CY a ai Au 12V 
1 2 1 1 2 
Enerev in C. is Alternatively, potentials can also be calculated by divide: 
Ey ; 2 l 12 V in the inverse ratio of C, and C’. 
U,=—CV; =—x6x2’? =12 u] „x CV * 12x12 
oon GaGa 
Energy in C, is 1 
] 1 V =y = CV _ 4x12 © 
a a aaa eter es ie 


Total energy is 
U =U, +U, +U, =244+12+72 =108 uJ 


. l 
Alternatively U,= > CV; = > x4x3° =18 uJ 


si | ner ae | 5 
(iii) U, aa Ed =162 uJ 


PPN. 
U = SCV? = 5 %6x6? =108p] 


Three capacitors of capacitances 4 uF, 4 HF, and 8 uF are 
connected as shown across a battery of emf 12 V., 


a Io 
Us = 9 CVs = 5x 8x3? = 36 pI 


Total energy is U, +U, +U, =216 wJ 
Alternatively 


oa 
U= CV = 5%3x(12) = 216 w) 


The capacitors in figure are initially uncharged and ried 
connected as in the diagram with switch S open. The ape 
potential difference is V =+360 V. 


a y b 
| c |} 
6 uF 3 uF 


what is the potential difference En 
v what is the potential difference across each capacitor 
f after switch S is closed? 
v gow much charge flowed through the switch when it was 


closed? 


a) When switch is open, the potential difference across 
the upper and lower branch should be equal as both are 
connected in parallel. 

3 uF 
u d 6 uF 


A | 


m 


6 uF 3 uF 


The potential difference across a and d, 


6 ; 
V -V, =— x360 = 240 V (i 
and the potential difference across a and c, 
V-V, =—— x360 =120V ._-(ii) 
6+3 


From (i) and (ii), V, — V; = V; =120V 
(b) When switch S is closed, the circuit will be reduce as 
shown in figure. 


3 uF 
a ft 3 pF a 
[i | 1 | i | j 
i „d 
a U's b = 4 S< pe 
PA K NK 
| | 
C] 3 pF 


6 uF 6 pF 
op oj 4 |} — 
9 uF 9 uF 


From figure, V -y =V, - V} =V,-V, =V. -V, 


s 21809 
2 


è This is, the potential across each capacitor is 180 v 
) Before closing the switch, the charge in each capacitor, 
3x6 


q= = 
643 Oe 720 C 


2 closing the switch, the charge in the capacitors 


aving Capacitance 3uF: 
Wr = 3x180 = 540 C 
e charge in the capacitors having capacitance 6pF: 
Your =6x180 =1080 C 


Ta © Capacitor and Capacitance 4.21 1 
} 


The charge appearing on each capacitor before and after 
Closing the switch are shown in figure. 


r 720 uC 540 uC 1080 uC 
+- l = + Ik - 
a b a 5 b 
. Aq 
720 uC 720 uC 1080 uC 0 uC 
pti se Ls 
+ L- -> = A 


Aq, C Aq 


Before closing the switch After closing the switch 


From figure we can observe, Ag, = 1080 -— 720 = 360 pC | 
and Aq, = 720 — 540 = 180 uC 
Now, at junction c incoming charge should be equal to j 
outgoing charge. 

Hence, Aq = Aq, + Aq, = 360 +180 = 540 uC 

It means, charge of 540 C flows from c to d after closing 
the switch. 


_In the given figure, when switch is swapped from I to 2, find 
the heat produced in the circuit. 


S61) When the switch is at position 1, the circuit diagram is as 


shown in Fig. (i). The equivalent capacitance of the circuit, 


CHG wa gece 
a C+C 
si C+C,)C 
The charge supplied by battery, Q = CE ae E 
Hence the charge in other capacitors as connected in Fig. (1) 
CO ; 
Q= CP and Q, = CO 
+Co “ C+ Cp ; 
{ 
Oi =C O—=Cy g—C C—— ak Q: = 
Q-Q | 
y2 | | l2 
E Tae | 
(i) (ii) 


After shifting the switch from position | to position 2, the 
equivalent capacitance of the circuit will not change but the 
charge on different capacitors will be as shown in Fig. (ii). At 
this stage the charge flowing through the left most capacitor 
«Œ should be equal to the charge supplied by the battery in this 
process . 
Hence the charge flowing battery on reconnection, 

cO Q 2 


q=0-Q,; =2- CEC, ~ CGT C+C, 


(Cq E) 


[3 
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As the total energy on capacitors before and after reconnection 
is same. Hence whole work done by battery will go 1m the form 
of heat. 


COE’ 
W. q -( Co CHOC gp 


= —"—_ x 
battery C+ C (2C + Cy) 2C+ Cy 
COL 
So heat generated is H = C+C, 


INFINITE CHAIN OF CAPACITORS 

Suppose the effective capacitance between A and B is Cp- Since 
the network is infinite, even if we remove one pair of capacitors 
from the chain, the remaining network would still have infinite 
pairs of capacitors, i.e., effective capacitance between X and Y 
would also be Cp 


B 


aes EREET These two capacitors are 
ihoss two tapan 2) a connected in sra | 
| connected in parallel. | | Equivalent capacitance — 
Equivalent capacitance | | Er EE eee | 
=C,+ Cr | | CGF = 4 

f H } TEETE ae 
k a E C+ C,£Ce | 


Hence, the equivalent capacitance between A and B is 


gan 2 = Cp Cpe 1442-1 
C, +C, +Cpr 2 G 


Find the equivalent capacitance of the infinite ladder shown in 
figure between the points A and B. 


2 uF 2 pF 2 uF 2 uF 
ee Se a a 
1 pF eames ET 1 uF —1 pF 


B 


Sol. First of all we need to identify repeating unit. The 
repeating unit is as shown in Fig. (a). Let equivalent capacitance 
across A and B be C. If we add one more unit as shown in figure 
the equivalent capacitance across A’ and B' should again be C. 

2 pF 2 uF 


Toe hel 


1 uF | uF ü 


(a) 


2C 7 
2+C 24+C 
=> (2+ OC=8C+2) > C-C-2=0 
-i (C=2 (CP 1)50 
Since C = -1 is not acceptable 
Hence equivalent capacitance, C = 2 uF. 


Crp =C=l+ 


ee AT 1 LI TS 


An infinite ladder is constructed by connecting several Section | 
of 2 uF, 4 pF capacitor combinations as shown in figu te ir; | 
terminated by a capacitor of capacitance C. What value shou 
be chosen for C such that the equivalent capacitance of th 
ladder between A and B becomes independent of the Nhe 


of sections in between? 


_ (BOE The equivalent capacitance of the given infinite ladi 
between A and B becomes independent of the number of mi 


in between. It means, if we remove all the capacitors, othe 
than terminal capacitor ‘C’, the equivalent capacitance acms 
A and B should also be ‘C’. Here the repeating unit is shownz 


Fig. (a). If we connect one unit across A and B, 


as shown i 


Fig. (b) the equivalent capacitance across A’ and B’ shonli 


remain ‘C’. 
2 uF 2 uF 
Tr 
] uF 1 pF C 
d . a ee i 
(a) (b) 
6 HO => 4C0+C?=8+2 


=> C?-2C-8=0 => (C+2)(C-4)=90 
= C=-2 and 4 

As C = -2 is not acceptable. 

Hence equivalent capacitance, C = 4 uF. 


CONCEPT APPLICATION EXERCIS 


1. If you have several 2.0 uF capacitors, each 


you assemble a combination that has an 
Capacitance of 


in series, their charges being left undisturbed. 


as shown in figure. 


l 2 3 4 mer lee 
prea aes a 
| m. 
C C C C C C 


withstanding 200 V without breakdown, how 


Find the equivalent capacitance between points. 


C+4C 


E 4.3 


capable Ss 
wo 
equiva!” : 


(a) 0.4 uF (b) 1.2 F, each withstanding 1000 V? A 
N identical capacitors are connected in parallel, and ihe 
a potential difference of V is applied to them. Fin ted 
potential difference when these capacitors are recon? 


at 


2 


La 


-1 


8. 
p gure, the battery has a potential difference of 20 V. 


slabs 0 


arge aia by the battery in the arrangement 


h 
„dthect 
4 fin "hown in figure. 
| os C,= 5.0 uF C,= 6.0 uF 
| 
10 V 


e capacitance between 4 and B if three dielectric 
f dielectric constants K, (area 4, and thickness 
i), Ky (area A, and thickness d i), and K, (area A, and 
shickness d,) are inserted between the plates ofa patale 
late capacitor of plate area A (figure). (Given that the 
i between the two plates is d = d, + d,.) 


Find th 


distance 


. Three dielectrics of relative permittivities E, = l, E, = 2, 


and £, =3 are introduced in a parallel plate capacitor 
of plate area A and separation d. Find the effective 
capacitance between A and B. 


- Four capacitors are connected as shown in figure to a 


30 V battery. Find the potential difference between points 
aand b, 
1.0 uF 1.5 pF 


I} 


| 
30 V 


Lar 2 uF 
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(a) the equivalent capacitance of all the capacitors across 
the battery and 

(b) the charge stored on that equivalent capacitance. 
Find the charge on 

(c) capacitor Cis 

(d) capacitor C,, and 

(e) capacitor Ç, 

9. What charges will flow through section B of the circuit in 
the direction shown when switch S is closed. 


Le | | 
10. Figure shows a network of seven capacitors. If charge | 
on 5 uF capacitor is 10 uC, find the potential difference 


between points A and C 
3 pF 


11. The capacitor each having capacitance C = 2 uF are 
connected with a battery of emf 30 V as shown in figure. 
When the switch S is closed. Find 


30 V 


(a) the amount of charge flown through the battery 
(b) the energy supplied by the battery f 
(c) the heat generated in the circuit 

(d) the amount of charge flown through the switch S 


aa ANSWERS 
e Aa A SR A 
2. NV 3. 3C/4 4. 110 uC 
Akye Akke 17.4 
_ the, 6. I 7113y 


8. (a) 3 pF (b) 60 HC (c) 30 C (d) 20 C (e) 20 uC 9. 120 u 
10.5.33 V 11. (a) 20 C (b) 0.6 mJ (c) 0.3 mJ (d) 60 uC 


r e 


KIRCHHOFF’S RULES FOR CAPACITORS 


Kirchhoff’s rules can be used to determine the potential difference 
and charge on the plates of a capacitor in any electric circuit. In 
a circuit with capacitors and batteries, two important rules are 
involved. 
Junction rule: A capacitor circuit obeys the principle of 
conservation of charge. The incoming charge at any junction is 
equal to the outgoing charge from the junction, 1c.,q=q,+ 4). 
In other words, in any isolated system, the net charge is conserved. 
So in the system shown in figure, 
~9+q,4+9,=959=9,+49, 
Loop rule: In a closed circuit, the 
algebraic sum of the rise up and drop va 
up voltages is zero, i.e., LV = 0. q 
The direction of the loop is 
not specified and is chosen in a 
comfortable manner. When we go 
from a point of higher potential to a point of lower potential 
in the loop direction, drop up voltage occurs [Fig. (a)]. In sign 
convention, drop up voltage is taken as negative. If we go from a 
lower potential point to a higher potential point, rise up voltage 


occurs. In sign convention, rise up of voltage is taken as positive. 
t4 -q 4 


\ 
\ 


ys Jlsolated 
system 


it 


ce | 
——] 
Drop up voltage Rise up voltage 
Loop up direction Loop direction 
es of 
—g/C +q/C 
(a) (b) 
E 
aaah — Rise up voltage 
ei — 
Drep up voltage — —— 
P eE a a 
Loop direction 
Loop direction +E 
-E 
(c) (d) 


APPLICATION OF KIRCHHOFF’S LOOP RULE INA 
CIRCUIT 


If you travel from the positively charged plate of a capacitor 
or the terminal of a cell to the negatively charged plate of a 
capacitor or the terminal of a cell, then the sign of V or € is 
negative and vice versa. 

At junction D 

in coming charge = (Q; + Q>) 

Outgoing charge = x 

Hence x=(Q) + M) 


+0, -Q2 -Q0 +0 


Applying loop rule in closed loop ABCDA 
-2 a-å QtO _ 


0 
a | © 


1 J J Q» _ a 
a $— $+ — | + HG 

ai z G G) C T 
Applying loop rule in closed loop ADEFA | 

O+O „Q Qe =0 

Ca CG 6 

Q Litto 

a ralz GG r 


Now you have two equations and two unknowns (Q, an 
which can be found easily by solving the equations. 


Three uncharged capacitors of capacitance C, C, and C ar 
connected to one another as shown in figure. Find the potenti 
at O. 


do) 


7] 
—— C,=60 uF 
O 
+2 V +3 


“Sol, | Let at junction O, the potential be V and the charges 1 
capacitors C., C, and C, be q,, q, and q, respectively 


pi 
=—=.4ı = 60 uF 


(Poe 


O A a Isolated system 


AtO, 4 +4 +9; =0 
The potential difference across the capacitors C,, C, and C, wil 


be (V —6),(V -2) and (V ~3) respectively. Hence equation Ù 
can be written as 


60(V —6)+ 20(V — 2)+30(V —3)=0 


Solving this equation, we get, V = azi V 
l 

A circuit has a section AB shown ìn figure. The emf of the cl 

is 10 V and the capacitors have capacitances C, = 1 uF ai 

C, = 2 uF. The potential difference V’ ip = OV. Find the chars“ 

on the capacitors. l 

Ao—| |__ |__| oe 
CiS lIuF 10V C)=2pF 

pes É ¢ 
Let the charge on the left plate of the capacitor 1S % se 
the charge on right plate of capacitor C, will be -7 48 ý 


supplied by negative plate of capacitor will be —q. 
SV 


j-+-——_____-* 
ao E t hog 


Ci=luF 10V C)=2uyF 


ma m point A in the section of circuit AB 
yond f 


£27 
Ta i 4.10 2 B 


3 
9_10 > 5=>q- 
n =41t7 10 54 10 


J =- 
Vs 


ihe charges on the capacitors q = 10 uC 
penc? 


y capacitors having capacitance C, 2C, 3C and 4C are 
l to the voltage V, 2V, 3V and 4V correspondingly. 
s circuit i is closed. Find the voltage on all condensers in the 


yilibrium. CV 


fa Let a charge q flow in the clockwise direction after 
dosing the switch. 


qi =CV 
| ae | 
a 2C = a= 4CV 
+ 
G4 phe cial 
3C | 
+) p= 


=9CV 
Just before closing the switch 


g = 43-4 
Just after closing the switch 


Applying | 
-q 


:00p law in abcda, we get 


Sat a4 4, 4-410 
w a AC 


bstituti — 24 
ng v i s get, q=- C 
& values of 4, dz 4; and q,, we get, 4 cV 


Poten . - 
tial difference across the capacitor ‘C’, 


av] -azs 19 
C C =N 


Potent : 
lal difference across the capacitor ‘2C’, 
lav] = E -4|_2 
2x F>] =Z 
e [2e 75V 


Capacitor and Capacitance 4-23 


The potential difference across the capacitor ‘3C’, 


AV, -|2 -1 = l y 
i 3C 5 
and the potential difference across the capacitor ‘4C f 
|AV|, = q4 4 14 y 
É 4C 5 


Find the potential difference V ,— V, between the points (1) and 
(2) shown in each part of figure. 


2V 2V 


| (1) J| 


(a) We first distribute the charges on different capacitors and 


branches keeping in mind Kirchhoffs junction rule. We 
can start from any battery. In this case, we start from battery 
E. Let battery €, supply a charge q. The charge on the leit 
plate of capacitor C, will be q as this plate is receiving 
the charge. Now charge q reaches junction b where it is 
divided into two paths. Let charge x go to capacitor C,, 
then the remaining charge q — x will go to capacitor C.. In 
junction a, we can verify Kirchhoff’s junction rule, i.e.. the 
incoming charge is equal to the outgoing charge. Now we 
write the loop equations. 


qQ-x 


é=2V 
q q (1) q=xX | 
at a a a 
X l 
C=C ; 
t 


ay 
} 


For loop | 
q X 


9) a ant oe SS . 
~ 2 C 0 ..(1) 
For loop 2 
eG 
C 2 
x G5 
J feet = i 
or ¿+ C 7 2 , (11) 


n 
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From Eqs. (i) and (ii) 
2x + = =0 
C 2 


or (2+3)? 
C 2 
or v=o (sine 2+240) 
C 2 


No charge will go to the capacito 
and (2). As there is no charge in the 
across (1) and (2), the potential diffe 
(2) should be zero. 

(b) In this case also, we will first distribute the charges. Let 


us start from the 74 V battery. Let this battery supply a 
charge q, which 1s divided into two paths after reaching 
junction (2). Let x charge move toward the 2 pF capacitor, 
then the remaining charge q — * will move toward the 
4 uF capacitor, as pet Kirchhoff’s junction rule. Now we 


write the loop equations. 
6V 4 uF 


r connected across (1) 
capacitor connected 
rence across (1) and 


ay a 


24V 1 1 pF 
In the upper closed loop 
(q-x)_* q 
+6+ i ae ee (i) 
In the lower closed loop 
x q x 
12+—+——24= =-= ii 
5 4 24=0 or ea (il) 
From Eqs. (i) and (ii), 
-8 
x=—pcC 
3 H 
Moving from (1) to (2) through middle path 
y,+12- 2 =p, 
2 
or paye =v 
3 3 


CIRCUITS BASED ON WHEATSTONE BRIDGE 


In following circuits if (C,/C,) = C./ 2 ade 
across D and E will be a i) as ren eee 


the equivalent capacity between A and Bj, 


EXTENDED WHEATSTONE BRIDGE 


What is V, — Vg 10 the arrangement shown in figure. What is 
the condition such that V; ~ Gi 0. 


Let the charges be as shown in figure. We know that 


capacitors in series have the same C C, 
charge. Considering the loop +H AFL 
containing C,, Ca and E, we get 
q ,. 4 
144 -E=0 
G Q 
gael ae 
C+Q 
From the loop containing C C 
and E, we get a F 
q. 4 
eo or q =E GC, 
3 4 C,+C, 


n-n=2-£=:|7 G = O 
G+O GtCs 


e ES 
(G + C) (G + C4) 


For V — V = 0 the 

Vi- Ve 0, CG = CC = 0. ECC) 7 C/C | 

potential difference across A and B will Ai ied ae te 
of 


is very im 
a ni portant in capacitor circuit solving. This tyP® 
is called balanced Wheatstone bridge 


ae E E e A E ar 
in fi . a 6 itan 
between A and 5 ure. Determine the equivalent capai”! | 


Sol) Lett eT l 
V and the pas tier difference across the battery terri 
ge supplied be Q. We have to find the capa" 


> 


Di 
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and the capacitance | 
pes ay ae - that would have the +í 
i an p? on its plates as the 


In a algsed 100, the net t potential drop must be zero, according to 


Kirchhoffs voltage law. Therefore, for loop 1, loop 2, and loop 
3, we have 


ach e V. Hence, Eo 
wr yal į voltag Q A h h = H+ Ai) 
‘e 0 _2 41 liay a A 
ý o> "T C < 4 N+ 9. = 2h +4 
Coquivatet y7- Va 


y charge Q is equal to 


C € I. : 
SN ning ME Ssa i 
rhe inc" received by the plates of A 
„charge Thus, 
ne cht l tors Cy G z and Cy SON 


gantn U 


CG 
Ga 


9 45 % _ 95 = 43 * 4 | (iv) 

C © oC ds + de = 246+ 45 

| Isolated System | From the isolated system shown in figure, we can conclude 

From Eqs. (i), (ii), and (iv), we conclude q, = 4, and q, = 4; If 

q, = q;, then Eq. (v) becomes . 
I-49; = 49; ...(V1) 

Solving Eqs. (ii) and (vi), we get 


KES 
93 = 9,9, = = 95=4,= > : M4 Q= 24, 
We can write 
pat L bae 
C 2C Vy 
Hence, 
: j i C. oe 2C 
cis. outgoing charge Q is equal, to charge coming out from equivalent “7 y y 
a of the capacitors C,, C,, and Gx ae 
a =9,+ 45+ q6 Alternative method: Connect point a to point 45 and note the 
| are indicated Wheatstone bridge (figure). Now simplify the circuit to 
ci N give l obtain the desired result. 
=q ti, (i) 
| Balance wheatstone 
) een pa OE bridge 
‘Join a with b a ee eee 


\ C C 
Ț AS = =— 

\ C C; 
1 The potential 


i difference across 
i i y 
1 G will be zero 


‘ 


~ 


2 Q - 


es) 


— | 


= | 


4.28 Electrostatics and Current Electricity See 
i the isolated systems (1) and (2), the net charge shou 


NODAL ANALYSIS OF CAPACITIVE conserved. For the isolated system (1), 
CIRCUITS ¢r — 10) +4 (xy) + 2 =0 
Nodal analysis is based on ‘Isolated system | or 8x — 4y — 20 = 0 or 2x -y=5 


conservation of charge. At © 00 0) ann < 
| i (92 = 8 pC 


any isolated part of a circuit, se ; gy = 6 pC | 
charge is conserved. Lg, = 0 ER aa l 

if the capacitors are initially om ji iC, 

uncharged, and Eq, is equal to a A 

the sum of the initial charges 

of the plates of the capacitors 
connected to the node if the 
capacitors have initial charge. 


Ais 2y í 


+10 V — + 


| Isolated system | 


The following steps should be followed in problem solving: 
(i) Mark different nodes in the circuit and assign their potentials. 
(ii) Identify the isolated systems in the circuit and write the 
equation of conservation of charges. i ji ET, uc 
(iii) Solve the equations to get the values of potentials. Let us ai 
learn this matter through some illustrations. 
Step 1: Assign a node as a reference and assume its potential 


For the isolated system (2), 
A(x —y) + 4(y — 15) + 4(y — 5) = 0 


To be zero. 

Step 2: Assign the potential of every junction of the circuit as or —4x + 12y — 80 or —2x + 6y = 40 
an unknown S. . l Adding Egg. (i) and (ii), we get 

Step 3: Apply Kirchhoff’s current law at the junction Sy = 45 


corresponding to the unknown potential. 
Step 4: Solve the equations to get the desired unknown potentials. 
Let us learn this matter through some illustrations. 


In figure, what are 2 a on all the four capacitors? ae : Find the potential difference V,- V , between points anil 
4 uF | the circuit shown in m 


10V 5 Al a 


‘Soh Let us assign the potentials at nodes N, and N, as x and “Sol. | 
y. respectively. We have identified two isolated systems in the 
circuits as marked in figure. The potentials at different junctions 


or y=9Vandx=7V 
Hence, the charges on different capacitors are shown in fir: 


Method 1: The distribution of electric charge is show!” 


are marked according to the emf of the batteries as shown in the figure. ‘ 
figure. The charge appearing in each capacitors is marked as per 49-4). ia) 
7 | 
the formula g = CAV 
g= Ux - 10) g= May), 93 = Ay 15)| 
+15 V| 
Isolated | 
system-2 
i alse In loop (1) 
&-— h _ ka = J 
"e G 
PEE ee +15 V 
[72-0 In loop (2) 


`y 


we (i) and (ii), we get 
-C (O82 as CE ) 
h7 G+Q+6) 


q |_{ G2-G& 
7 ae | as ee 
fa: C, C+O,+c, 

. The algebraic sum of the charge at junction A should 
ose the charges 4), q,, and q, are moving away 
Lar us assume that t AO ccs 
k ihe junction. “a D at the potential of junction B 

„ Now we will write the potentials of various junctions as 


s gel FERO Sipe 
a in figure. After knowing the potential difference across 
acitors, we can write the relations of q,, q,, and q, in terms 


tho 
Me 0. Supp 


3 sca i . ` 
Feir capacitance and potential difference. 
al see begets 
eee Isolated system | 
gq =Q- a 
a 92 GO ey} 
SS a ee 
‘Zero potential | 
Atjunction A, 
iq=0 


a 947%79;=9 
E C(x+e)+C(x—6) + C,-0)=0 
E xC,+C,+C)=2C,-€C 


_ 6G-&G 
C+6+¢ 
E E oe co 


~~ G+Qt+G 


Method 3: The electric charge enclosed by the isolated system 
shown in figure should be zero. Therefore, 


9,7 9,+49,=0 
or ITE ses? cd =(0 or „00-08 
C G C; G+O,+G 
Vi EET = CE — GE 
G+O,+G 
4 the given circuit diagram, initially the switch $ is opened, 


F . . , , hia 1 
f md heat dissipated in the circuit after switch Sis closed, It 1s 


s | 
30V 30V 
| a | 


ns 
S 


C C 


nails Capacitor and Capacitance 4-29 
‘Sol. | When switch S open the potential difference across the 
group of capacitors is zero. Hence the initial charge in both the 
capacitors will be zero. 

C 


C ' C 
30V C 30v 30V p « 60V 30 V 
rT | C4 2gh q 
5 S 
, 30V 30 V=- — 30V 60 v 30V— 
| -060 V | eo 
| ERE 
q OV 


0V 0V 0V OV ov 49 
Before closing the switch After closing the switch 


When the switch S is closed, potential difference across both of 
them is 30 V. Charge on each of them is 
q = (2 wF)(30 V)=60 uC y 
The heat developed in the circuit 
(AQ) _ (60-0) 
H= = = 180 =1.8mJ 
» 2C 2x2 ‘i 


Approach 2: The charge flow in various path has also been 
shown in figure. The charge supplied by 60 V cell = 24 = 
2 x 60 = 120 uC. Energy supplied by 60 V cell, Woo y = 60 x 120 
= 7200 uJ. Energy absorbed by each of 30 V cell, 


Wry = —30x 60 = 1800 uJ 
Energy stored in each capacitor 


U = SCV? =5%2%30" =900 u 


Applying conservation of energy principle, 
W =AU+Heat > Heat = Weare — AU 


battery 


-, Heat dissipated, H = (7200-21800) — 2x 900 
= 180 pJ =1.8mJ 


CONCEPT APPLICATION EXERCISE 4.4 


1. For the network of 
capacitors as shown in 
figure. 


(a) Find the potential of 
junction B, 


(b) Find the potential of 
junction D, 


(c) Findthecharge on2 pF 
capacitor. 


2. In figure, the system is in 
steady state. Then 10 V 
(a) Ul ge 
(b) Vg- Ke5. 
(c) Vp- Ve” 
(d) The energy stored in the circuit is 


—— 
——————— 
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100 V 


C 


| uF 


3. A 10 uF capacitor is charged to 15 V. It is next connected 
in series with an uncharged 5 HF capacitor. The series 
combination is finally connected across 4 30 V battery, as 
shown in figure. Find the new potential difference across 


the 5 uF and 10 pF capacitors. 
C,=5 pF C= 10 pF 


30 V 
4. Two capacitors C, = C, = C are connected with a battery 


of emf £ as shown in figure. The switch S is open for a 


long time and then closed. 
C C, 


Lh 


E 
(a) Find the charge flowing through the battery when the 
switch S is closed. 
(b) Find the work done by the battery. 
(c) Find the change in energy stored in the capacitance. 
(d) Find the heat developed in the system. 
5. Three capacitors C,, C,, and C, are arranged as shown in 


figure. Determine the charge on each capacitor. 
20 V C,=2 pF 


| | 
C,=2 pF —- | C,=4 pF 


| 10 V 
_ 6. Four capacitors C, = 8 pF, C, = 2 pF, G, = 6 uF, and 
C,=6 pF are arranged as shown in figure. Find the charge 
| on all the capacitors in the circuit. 
| C, 20 V 


CU. 


C 


iann 


os 
ee 


acitors of capacitances 1 UF, 2 uF, and 2 i 


he potential difference 30 V, 10 y 
ively. If terminal A is connected with De 


7, Three cap 


th E, and F is connected with B, then f 
n 


iS connected wit i 
z i the fin 
the charge flow in the circuit and al charges on the | 


capacitors. 
10 V 15V | 
30 V pi Coe on ae 
e go C n? pP E me 
A c= 1 pF (nA C3=2 uF 


uncharged capacitors are arranged ie 


8. Three initially 
n in figure. Find the charge on aa 


batteries as show 


capacitor. C=1 pF C\=2 pF 
Z ; C,=2 pF | 
an l ~ 6=30V 
Ea &=25 V 


9. Two capacitors of capacitances 1 uF and 2 uF are charged 
to potential differences 20 V and 15 V as shown in figure, 
If terminals B and C are connected together and terminals 
A and D are connected with the positive and negative ends 
of the battery, respectively, then find the final charges on 


both the capacitors. 


1 uF 2 uF 
5 i = 
A 20 V BG 15V 


10. Two capacitors C, and C, are connected with two 

batteries of emf £| and €,. The circuit components ae 
| connected with a switch S as shown in figure. Initially te 
switch is open and the capacitors are charged. Find the 


heat produced when switch S is closed. 


€,=5 V C.=3 uF 
a 
C\=2 uF £=6 V 


11. Figure shows a capacitive circuit, with a switch S, 


] 200 V 
6 F = 3 uF 
Sy 
l a v b 


3 pF = 6 WF 


b 
(a) What is the potential difference between 4 and 


when the switch is open? . 
ie 
(b) What charge flows through the switch when j | 
closed? | 


il 


ANSWERS 


20 
Wy (b) 0 (©) HC 
1.) “3 : 

ave) 75 V (c) 100 V (d) 125 x 104 J 


Ce Ce? l 
| 4. (a) — (b) — (c) ice? (gy Lo 


¢ 35 uC, 10 uC and 25 pC 

<10 pC, 10 HC, 30 pC and 60 pC 

1.12.5 Hs 17.5 pC, 42.5 uC, 7.5 uC 8.52 uC, 58 uC, 6 uC 
200V 


10.40 pJ 11. (a) ; 


(b) 300 nC 


PROBLEMS INVOLVING PLATES 
PRODLENTS ONENESS 


Fach of the three plates shown in 
| figure has 2.0 x 10? m? area on 
one side, and the gap between the 
adjacent plates is 0.2 mm. The emf 
of the battery is € = 20 V. Find the 
distribution of charge on various 
surfaces of the plates. What is the 
equivalent capacitance of the system 
~ between the terminal points? 


| RiP As the potentials of a and c are equal, the capacitors C, 


ad C, are in parallel. Therefore, 


C=C, = E&A _ &)X2X10™ 
wd 0.2 x10 
Equivalent capacitance is 


| 26) A 
C=C t C= F 


=1005& (F) 


2x &x2x107 
= —2——__ = 200 & (C 
0.2x1073 one 


The charge on plat b is negative 
on both faces, Thus, the charge on 
a and c is Ci 


=100 €x 20 

= 2000 £, (C) 
Q=2x 2000 £, (C) 

= 4000 £, (C) 


e=20V 


Plates 


Su 
oy a charge Q. This charge is divided into two plates as 
Zero n 1n figure, The charge on the outermost surfaces will be 


m native method: Let us assume that the potential of the 
e plate be zero. Then the potential of the left and right 
Will be 20 V each. Let the positive terminal of the battery 
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Equal and opposite charges will appear on both surfaces of the 
mid plate (plate 2). The sum of the charges on both the surfaces 
should be -Ọ, which will flow toward the negative terminal 
of the battery. We can observe two capacitors C, and C,. For 
capacitor C, 


x = C(20- 0) Al) 
For capacitor C, 
(OQ —x) = C(20-0) (Gii) 
From (i) 
r= 04 y 20 = 02X10) 20 9000 610) 
d 0.2%107 
Also from (ii), 


(Q - x) = 2000 £ (C) 
The net charge on the mid plate is 
-x + (Q - x) = -2 x 2000¢, = 40008, (C) 
Hence, the equivalent capacity is 
_ Q _ 40008 
a e 20 
or Ca = 200€,(F) 


Four identical metal plates are C 
arranged in air at equal distance 
d from each other. The area of 
each plate is A. A battery of emf 
V is connected across plates 1 and D 

2. Discuss the charge distribution and find the capacitance of 
the system between points | and 2 if the other two plates are 
connected by a conducting wire as shown in figure. 


SOI) As the battery is connected to 4 and B, there is a charge 
+Q on plate A and -Q on plate B. The charges on 4 and B will 
induce a charge —Q’ on C and a charge +Q’ on D, so that the net 
charge on plates C and D remains zero. 
Consequently, charge Q on 4 is 
divided into two parts: +Q’ on 
the upper side of plate A and (Q— 
Q’) on the lower side. Similarly, 
charge -Q on B is also divided: 
-Q on the lower side and -—(Q — 
Q’) on the upper side on plate B. 
Let us assume that the potential 
of plate A be V, then the potential 


4.32 Electrostatics and Current Electricity | 
of plate B is zero. As plates C and D are connected, they will be 
at a common potential, say V’. So the capacity of the system can 
be written as follows 
ue 
V-V 
We can write the equation for facing surfaces (1) and (2) as 
Q’=C,V -V’) 
For facing surfaces (3) and (4) 
Q-0=QV -0) 
For facing surfaces (5) and (6) 
Q’=C,(V’ - 9) 
From Eqs. (ii), (iii), and (iv) 


(I) 


V 
(il) 
w(t) 


(iv) 


and 


a 


= ~ 
Urva ë 


2 = &4V 
harges | ———— 
| 2d 


Hence, the equivalent capacitance is 


3 3 & A 
= (So 
2 2° 2d 
The charge supplied by the battery is 
3& A 
G22 
£ 2 d 
C 2 Q 
o=o ==Q and Q,== 
= G+G0) 3° 9 2-3 
From these results, the charge on different surfaces c 
pen surfaces can be 


Four identical plates, each 
having area A, are arranged AQ) 
as shown in figure. Find the 
equivalent capacity of the 
structure between A and B. 


= = a a 
Method 1: Let the potentials of plates A and B be y i 
As the plates (1) and (3) (figure) are conneey, 
have a common potential, say V’. Now we h 
rcuit diagram by connecting the di fere l 
d potential difference. nt 


—— 


V.,, respectively. 

B’ I 

together, they w1 | 

make an equivalent ci 

plates across the assume 
Q 


y =>4 


© 
v, O— a V, 


O 


| 


OC) 


| 
| 
| 


The equivalent capacitance between A and B can easily e 


calculated as follows: 


Method 2: Let us assume that a battery is connected between j 
and B. Let the potentials of A and B be V and 0. Plates (1) and (2 
are connected together and both have the same potential V”. Le 
the charge supplied by the positive terminal of the battery to plat 
(1) be Q; same charge will come out from plate (4). The outermos 
surface of the plates will carry no charge. Hence, —Q charge wil 
appear on the inner surface of plate (4). The charge distribution 
on different surfaces of the plates can be done by using 
conservation of charge. The charge appearing on the facing 
surfaces should be equal 
and opposite. The charges 
appearing on difference 
surfaces are shown in 
figure. The capacitance of 
the system of plates can be 
given by 
Q (i) 
(V —0) | 
Between plates (1) and (2), Vv 
(Q-x)=C(V-V’) 
Between plates (2) and (3), 


x=C(V-V’) = 
Between plates (3) and (4), 

O=C(V’-0) a 
From (ii) and (iii), 

(Q-x)=xorx= 2 a 


Adding Eqs. (iii) and (iv), we get 


Five identical plates 
shown in figure, Fin 
between 4 and B? 


À a 
, cach having area 4, are arranged 
d the equivalent capacity of the stru 


Area A 


| 


| 


Y 


1: The charge 0 ee 


7 hod 
Me on difference 
fo 


1n 
pollo” and 


equ 
aven by 


Ca” 2 (1) 
A Vp 
geween plates (1) and 2), 
p-p- Ar) 
peel plates (2) and (3), 
(0-3) =Cr = V”) 
geween plates (3) and (4), 
r= C(V-V") 
petween plates (4) and (5), 
a ...(V) 
Adding Eqs. (ii) and (iii), we get 
79-x)=C(V-V") 
From (iv) and (vi), 


...(V1) 


x=2(0-x)orx= 
Adding (v) and (vi), we get 
l 
V-0)=— + = 
(¥—0) T (Q +x) 


Q Q 


B _3 _ 3&4 


V-73) V-0) 5° Sd 


52 
aC 
3 


Method 2: Let the potentials of A and B be V, and Vp, respectively. 
Plates (1) and (2) are connected together and have a common 
potential, say V’. Plate (2) is isolated and has a potential, say V”. 
Now we draw an equivalent circuit diagram by connecting the 
different plates across the assumed potential difference. 


, OF Oy OOOO 
C 
© © 


As the equivalent circuit is a simple circuit of a combination of 


Ca 2 i 
co the equivalent capacitance can be easily calculated as 
Ows; 


4i 2 5 3C 3AE 
C =— + — = — or aoe ey 
q C 3C 3C 5 5d 


L. 
| Bure, plate A has 100 pC charge, A B 
ile plate B has 60 uC charge. 
(a) When both switches are open, then qi} jg2 J” 


: a EG S2 
q, = = 


ull 


. In the arrangement shown in figure, plate B is given a 
charge equal to 60 uC. The ratio d,/d, is 2. Then 


A B 


CILOT ANU vaparilals E 
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(b) When only switch S, is closed, then 


q, T a a d = 

q, T d, = —— 
(c) When switch S, is also closed, then 

qi = . q, = 

dj geaeee q4 7 


Oi ae d7 
q; 7 447 
q; = d7 


. Two large parallel metal plates, each having area A, are 


oriented horizontally and separated by a distance 3d. 
A grounded conducting wire joins them, and initially 
each plate carries no charge. Now a third identical plate 
carrying charge Q is inserted between the two plates, 
parallel to them and located a distance d from the upper 
plate, as shown in figure. What induced charge appears 
on each of the two original plates? 


. Four parallel large plates separated by equal distance d 


are arranged as shown in figure. The area of the plates is 
S. Find the potential difference between plats B and C if 
plate B is given a charge Q. 


A B C D 
Q | 
d d d | 


. Identical metal plates are located in air at equal distance 


d from one another. The area of each plate is equal to A. 
Evaluate the capacitance of the system between P and Q 
if the plates are interconnected as shown in figure. 


(a) j i (b) COD 
c | d Po | —— | 
=y Q 


o ee a a 


——— 
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i ' | ive 
6. If the area of each plate is A (figure) and me acne A 
separations are d, 2d, and 3d, then find the equive 


capacitance across A and B. _ 


| J ee ae 


7. Figure shows an arrangement of identical metal oes 
placed parallel to each other. The diagram also shows the 
variation of potential between the plates. Using the details 
given in the diagram, find the equivalent capacitance 
connected across the battery (separation between the 
consecutive plates is equal to / and the cross-sectional 
area of each plate is 4). 


(1) 2 «4 & © 
NWAOAOOM vray yy ys 


10V 


avi 


) 
\ 
{ 
“ay 
\ 
( 
t 
aia. 
\ 
( 
t 
) 
\ 


8. Two dielectric slabs of 
relative permittivities f= 
2 and € = 3, thickness d 
and 2d are filled in between 
the grounded parallel plates 
each of area A. If a battery 
of emf € is connected to the 
middle conducting plate, 
find the 
(a) capacitance of the system, = 
(b) charge flowing through the battery, 

(c) induced charges on the plates, 


aaa paien T 


FORCE ON DIELECTRIC SLAB 


(d) energy stored in the system. d 2d 


_ 9. In the given figure the 
Area of each plate is A. ilo 3 
| The conducting plates are 
| connected to a battery of 
emf V volts. Find charges -y 


4, to dg 
ANSWERS 


1. (a) 80 uC, 20 uC, -20 pC, 80 pC 
0, 0, 0, 0 
(b) 0, -60 pC, 60 uC, 0 (c) 0, 9, 0, 7 
2. ġ = 9, = 30 uC, q, = 20 uC, q, = 40 pC q, = -20 uC, 
q. =—40 uC i 
3. induced charge on upper plate = pa 
Induced charge on lower plate = -Q 


A. 5 &A ,» 3604 
Od gq) 24 HOF OG 
4, 36S 3d 


6 EA T a 
` 4d SI 


Ae lege 3 
TE A 1€) AE _ 2&9 TegAe 3604p 
LOS OG, Oa a a 
l, 
16) Ae? | 
Gie” 
, EAV _ gar L EAV 
9, qı de 0, q, ~ d ’ 13 d 5 Pa 
EAV 
U= 2d 


— 


When a dielectric slab is placed near a charged capacitor, t 
fringing field at the edges of the capacitor exerts force on 
negative and positive induced surface charges of the dielectri, 
due and the slab experiences the net force towards inside t 
capacitor [Fig. (a)]. Let us consider a situation a capacitor gj 
capacity C is connected to a battery of emf y. Let a dielecti 
slab is inserted up to distance x as shown in [Fig. (b)]. 


> 


tf 


= Fi. 


+ i 
B in 
i ce i f+ + + + +| 
es 
+ 
Xx 
+ 


(a) (b) 


If you pull the dielectric slab by a small distance dr, t 
capacitance of the system charges by dC. Hence, an exces 
charge dq = VdC flows from (or to) the supply if the syst! 
is kept connected to the supply. In this process the battery (" 
supply or source) does a work d W, in sending a charge dq aga 
the voltage V (or emf £ of the battery). You can call it ene 
supplied by the battery (sources). According to the conserva” 
of energy, part of the energy supplied by the source is spent 
changing (increasing or decreasing) the electrostatic porn 
energy of the system by dU, say and rest of the supplied so 
energy is utilised in doing mechanical work AW ec SY % 
system; the dielectric on which you are in tending to fin : 
work and energy loss dH in the form of heat, light and sound, ** 
Then, we can write 
dW, = dW,,.,, + dU + dH 


where dW... = Fax; F = force on the dielectric. We can 18" 
the value of dH in the battery and conductors. Now we can 
Eqn. (i) as, dW, = F.dx+ dU. 

Hence the force F acting on the conductor (or dielectric 
as, 


wl 


) i 


O A 


p- W, aU A 
dx dx 


. e _ 
expression is valid for all processes such as 


time 
“te y constant charge and voltage. We have two pra 
0 


Ctical 


K 1 the b attery is disconnected after charging the 
f e stor(or charge in capacitor remains constant): If 
on to find the force by disconnecting the system from 


you attery, in this case, put q = constant. Then, the work 
te py the battery should be zero. By putting dw, =0, 
| eA (ii), we have 
dU m 
gemm val 
ax q = constant ( E 


when battery remains connected (Here V remains 
(ii) onstant): In this case, the battery does a work 

‘il (=Vdq) in sending a charge dq through a potential 
difference V. At the same time the change in potential 
energy of the system can be given as 


l yV? Vd 


Then, we have, dW, = 2dU 


This tells us that, half of the energy supplied by the battery 

res the potential energy of the system and the other half is 

| gent in doing a mechanical work. Then, putting dW, = 2dU in 
| Fq (ii), we have l 


p- 24u _dU _ dU we have 
dx 


odk dk 
dU 
Now we can write F = +—- (iv) 
V = constant 
letus consider a parallel plate of capacitor with plates of width 
band length | 


The distance between the plates is d. Find the 
“© acting on the smooth dielectric slab when 


P When the battery is disconnected after charging the 
capacitor 


(i) When battery remains connected 
(i) 


Fo . : . . 
ce acting on the dielectric slab can be given as, 
F-_dU 


ee 


-0 
de’ Where U = =~ 


2C 
pas 
Sea 


Ea | 


Pat ge , 
2C2 de sed) 
C = 


€,b(] — 
Ia C= Ke,bx 
d 


s . 5 
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(i 
Hence, C=C,+C, = 2 14 x(K -1) Gy 
Oe a0? gis -- Gil) 

dx d 


From (i), (ii) and (iii), we get 


2| 2° TETE 


= @d(K-)) 
~ 2eb[l+x(K -1)f 


If the capacitor is connected to a constant voltage, put 


> 


Q = V to obtain 
C 


ElV? 
2d 


The sign signifies that the force points to right. 
The magnitude of the force on the dielectric is constant. 
(ii) When battery remains connected 


F=+(e,-1) 


5 


Ca Th 


Electrostatic force 


Force by external agent 


Fare where ualtcy 
dx 2 


or F=p° i ...(1) 
Eb `. 
Here, C =C, + C= “a + x(K —1)) ---(11) 
dC €b 
and Fa = Pi -1) ...(11) 


Hence F =(K -p 
2d 


Figure shows a parallel plate ca 
separation d connected to a battery via a switch S. Capacitor 
plates are kept vertical and touched on the surface of a liquid 
of density p as shown. If S is Closed find the height bea 
plates to which the liquid level w 7 


pacitor of plate area 4 = Jb with 


ill rise, 
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Here the liquid acts as dielectric. At the time when the 
switch is closed, due to the upward force on dielectric(liquid) 
because of polarization it starts raising up between the plates 
and upto a level where the upward force on liquid balances its 
weight. If it is raised up to a height h as shown 1n figure and 
battery 1S connected to the capacitor we use result for the force 
on dielectric which we proved in theory. At equilibrium we use 


eV? (K -)) 


g bV? 
K -1) 2—-=hbdpg > h= 
oe. 2d 2d? pg 


ll Solved Examples || 


Figure shows two identical parallel plate capacitors connected 
to a battery with the switch S closed. The switch is now 
opened, and the free space between the plates of the capacitors 
is filled with a dielectric of dielectric 
constant (or relative permittivity) ex. 

K = 3. Find the ratio of the total 

electrostatic energy stored in both VF A : 
capacitors before and after the | | | 
introduction of the dielectric. 


“Sok Initially, when the switch is closed, both the capacitors 
A and B are in parallel and, therefore, the energy stored in the 
capacitors is 

1 
2 

When switch S is opened, B gets disconnected from the battery. 
The capacitor B is now isolated, and the charge on an isolated 
capacitor remains constant, often referred to as bound charge. 
On the other hand, A remains connected to the battery. Hence, 
potential V remains constant on it. 

When the capacitors are filled with dielectric, their capacitance 
increases to KC. Therefore, energy stored in B changes to Q7/2KC, 
where Q = CV is the charge on B, which remains constant, and 
energy stored in A changes to 1/2 KCV’, where V is the potential 
on A, which remains constant. Thus, the final total energy stored 
in the capacitors is 


vy ; , 
U CW cy -kev'[k+5) 
S ' 
2 K 


U =2x—-CV" =cV" | (i) 


2 KC 2 (Hi) 
From Egs. (i) and (ii), we find 
U, 2K 
U; K+ 


— 


ee 


—_— 


It is given that K = 3. Therefore, we have 


Vices 


U, 5 


Two parallel plate capacitors of capacitance C each p | 


connected in series with a battery of emf E. Then, one of 
capacitors is filled with a dielectric of dielectric constant x 
(i) Find the change in electric field in the two capacitor, : 
any. 
(ii) What amount of charge flows through the battery? 
(iii) Find the change in the energy stored in the circuit, if any 


(i) Two capacitors A and B initially have same charge Q zy, 
potential V = Q/C. The electric field between the capacit, 
plates is given by E = Vid. Since the two capacitors a 
connected in series with the battery, the sum of potentizk 
across the capacitors must be equal to £, i.e., 


fel = Ai 


(ii) When one of the capacitors, say 4, if filled wit : 
dielectric, the capacity of A increases to C’ = KC, wh 
that of B remains unchanged, i.e., C. Suppose, charge cx 
the capacitors becomes Q’ and potentials across A andi 
become V/ and V,» respectively, with Vi +V, =e. Hen 


we have 
yi-2 = Qe 
C’ KC 
and V; as Q 
C' 
Hence, 


From Eqs. (i) and (ii), we get 


ak 


Q'= 
GK? 
Since K > 1, so Q' >Q. Also 
, 2K 
Vi=—— V 
l+K 
and V; = 2K V 
1+K 


Thus, the electric field (or potential difference) in capa" 
A increases by a factor of 2/(1 + K) while that in B incr 
by a factor of 2K/(1 + K). The amount of charge that f0" 


into the circuit is given by 
ao =0-0-[ 2K - NE S. 
l+K = á 


_1K-1 
2K+1 


Ce 


the energy is given by 


l cv? =cV? 


, pitially, 
U, =2x 2 


ý 
iy, the energy iS 


Fina o lo, 
= seve + 2 Si 


Uş 


ge conducting plates 1, 2, 3, 4, and 5 are fixed 


san equidistant from each other as shown in figure. 

pates 2 and 5 are connected by a 

aductor, while plates 1 and 3 are 4 (-) 

a ad by another conductor. The 

eth of plates 1 and 3 and plate 4 

ze connected to a source of constant 

emf Vp, 

(i) Find the effective capacity of the system between the 
terminals of the source. 

ii) Find the charges on plates 3 and 5. Given, d is the distance 

between any two successive plates and 4 is the area of 
either face of each plate. : 


i) The equivalent circuit is shown in figure. The system 
consists of four capacitors, i.e., C,,, C;,, C4, and C,,.The 
capacity of each capacitor is (Ke,4/d) = Cy 
The capacitors C,, and C,, are in parallel, and their 
capacity is C, + C= 2c, 


; ae fees lg 
The capacitor C is in i re ! 
series with the parallel aa) i 
combination of C,, and ' | (Q2/2) 3,2), 5,4 


C.. Hence, the resultant 


pe areas © 
Capacity will be 
c -Q20 _ 20, a 
C,+2C, 3 


Further, C, is again in parallel with the combination of 


Ci, C,,, and C., Hence, the effective capacity is 
19226, 3254. A 


= o7 AE 
Coe 3°35" y 


Plate 5 is equal to the charge on the upper half 
llel combination. So 


Q, = nlia ]= 2 Ke, AV, 
3 d 
n the surface facing 4 is 
Q = VC, = Ke, AV, 
d 

n plate 3 on the surface facing 2 is equal to the 
difference across (3 — 2), i.e., 
C C 

Sh 0 C, = Ke, AVY, 

C, T aC, - 3d 


Cor ~ <9 


(ii) Ch arge ön 
l the para 


Charge on plate 3 o 


Charge 0 
Potent; al 


wa 
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Net charge on plate 3 is 


o, -58AN po, Me 5 Keath t 
d ° 3d d 3 
A 
= rad 


Two parallel plate capacitors A and B have the same separation 
d= 8.85 x 10-4 m between the plates. The plate areas of A and 
B are 0.04 m? and 0.02 mê, respectively. A slab of dielectric 
constant (relative permittivity) K = 9 has dimensions such that 
it can exactly fill the space between the plates of capacitor B. 


ale 7g 
‘ie Ea 
110 V 
(a) (b) (c) 


(i) The dielectric slab is placed inside A as shown in 
Fig. (a). A is then charged to a potential difference of 110 V. 
Calculate the capacitance of A and the energy stored in it. 

(ii) The battery is disconnected, and then the dielectric slab 
is removed from A. Find the work done by the external 
| agency in removing the slab from A. 
(iii) The same dielectric slab is now placed inside B, filling it 
-= completely. The two capacitors A and B are then connected 
as shown in Fig. (c). Calculate the energy stored in the 
system. i 


i) Capacitor A with a dielectric can 
be regarded as two capacitors in = 
parallel, one having a dielectric | 
and the other having no 
dielectric state. Such a capacitor 
has an area of A/2. So the combined capacitance is 


C=C +C, = — 1+ 4 
= d d OF inhi 
0.04 x 8.85 x107"? E E E F 

r aes S2 
2x8.85x107 


Thus, energy stored is 


l > l E ; 

aoe = end ? x 10)- = 1.21x107 J 

(ii) Work done in removing the dielectric state = (Energy 
stored in capacitor without dielectric) — (Energy stored in 
capacitor with dielectric). 
It may be noted that on taking out the dielectric, the charge 
on the capacitor plate remains the same. 


’ 


yw NEE i 
W 2C 
Here, 
C=2x 10°F, 
cr = £o _ 0.04 8.85 x10" 


d 8esxio4 ~ 04x10" F 
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2 uF A l 
g = CV a x110 =2.2x10" C TR 
a). +|2 5 |- 
y = 2I) l l ; 


o | qı B -h 
2 0.4x10° 2x10" a 6 aur 
=4.84x10° J 
. . : fi 
(iii) The capacitance of B is €, KA,/d . SO Applying conservation of charge tor plates 4 and 5, We : 
9 4, - 4, = 360 + Or q, +q; = 360 
C, =1.8x10" F , ; À e (i 
: the whol 
The P mAg = 2.2 x 10-7C, gets distributed into Applying Kirchhoff’s law in the whole circuit, we se | 
5 A 7 
two parts q, and q,. So. a a + 7 =0 ü 
=} 
q, + 4, = 2.2 x 10 C ; t — 90 C, -= 15 
Also, the potential difference across A is equal to the T we get q UL, 4, 0 uC, | 
ial di ‘oss B. Thus, 43 | NP 
potential difference an B ad 0-9 Method 2: After completing the circuit, let the charge 
= = a org =a R= T ie g = 0.224, flow in the circuit in the clockwise direction. Then the fing) 
A B B 


charges on the capacitors will be as shown in figure, | 


or 0.22q,+q, = 2.2x107 2 ae 
q q 
22 1077 =1.8x107 C - == 


or g@=-7~%!l 


1.22 J~ i 
and q,=0.4x107C 


di 
Total energy stored 1s Applying Kirchhoff’s law, we get 


2 2 
HB 292x107 +0.9x10°=1.1x10* J 300-q q 360-4 
IC, IC, ee 


Alternatively, the combined capacitance of the two Now charges on all three capacitors can be found. 
capacitors can be found. The total charge on the two (ii) Initially, energy storèd:is 


capacitors is known. The energy can be found using the 
formula Q?/2C.,,. 


=0 org=210uC 


Cs 5x3x10" x (100)° +5 x 210 (180) 


= . Shc ee =4.74x107J 
Two capacitors A and B with capacities 3 F and 2 uF are Finally, the energy stored is 
charged to a potential difference of 100 V and 180 V, (90x10)? (150x 10°)’ (210x10°) 
respectively. The plates of the capacitors are connected as (=e eee Rn ee + lk 
shown in figure with one wire free from each capacitor. The agit D ARAKI PE 
upper plate of A is positive and that of B is negative. An =1.8x10"J 
uncharged 2 uF capacitor C with lead wires falls on the free, 


ends to complete the circuit. 
60 V and C, = 2 uF and C, = 3 uF. Find the charg! 


2 pF) \C 
EI 
, 3 uF 2 pF | - flow through the sections 1, 2, and 3 after the key is cl 
Ne PF 1 == 


(i) Calculate the final charge on the three capacitors, 


tae oon T 2 
(ii) Find the amount of electrostatic energy stored in the a A 
system before and after the completion of the circuit. 5 : as 
(i) 60 V T Go | 


In the circuit shown (figure), the emf of each 


Method 1: Initial charge on capacitor A is q} = 3 x 100 
= 300 uC. Initial charge on capacitor B is g, = 2 x 180 
= 360 ae completing the circuit, let the charge on i 
capacitor A be g,, on B be qg,, and on C be q, wit iti È . ito® 
a ae. eee pacman, a BED Before closing the switch [Fig. (a)], both capa 
plates 2 and 3, we get | r equivalent capacitance 

q, +q, = 300 + 0 = 300 Cig 23 8 


is 


ach capacitor is 


D= 2x120 = 144 pC 


e 
\ harge a 


q2Ca” 12 
ing the switch [Fig. (b)], the potential difference across 
à be ior is 60 V. So charges on them are 
x 26x60 2x 60 =120 pC 
l, -C,x60=3x60 =180 pC 
ng through section 1 is 


arge fowi 
B =144-120 = 24 uC 


A547 


charge flowing through section 2 is 

hg, = 92 —9 = 180-144 = 36 uC 
charge fowing through section 3 1s 

Ag, = Ag, + AQ = 24+36=60 uC 


Fad the capacitance between the terminals A and B if e, 29. 


fa The given system is broken into three capacitors C,, C» 
aC, as shown in figure. 


parallel 


nd C 

| E oo, a e 

With ¢ 2ce In series, and this series combination is in par i 
rminals 


3 Á À 
lang Bis en, the equivalent capacitance between the te 


Capacitor and Capacitance 4.39 


a | CC 6, e 

Cag = -4 ratia (where € = 2) 
tO d \e,+]1 2 ’ 

1 _ T&A 
6d 


Two parallel plate capacitors differ only in the spacing 
between their (very thin) plates; AB has a spacing of 5 mm and 
a capacitance of 20 pF, while CD has a spacing of 2 mm. Plates 
A and C carry charges of +1 nC, while 

B and D each carry -1 nC. What are 2 mm 

the potential differences V,, and Vep 
after the capacitor CD is slid centrally 
between and parallel to the plates of 
AB without touching them? Would it 
make any difference if CD was not 
centrally placed between A and B? Ae D B 


Sol. The net charges on the plates cannot change, but the 
charges on the plates on either side of any of the spaces must 
be equal and opposite. Consequently, the charges on C and D 
must be —1 nC and +1 nC, respectively. on their outside surfaces 
and +2 nC and —2 nC, respectively, on their inside surfaces. The 
capacitance of any pair of plates is inversely proportional to their 
separation, with 5 mm corresponding to 20 pF. 

Thus, if AC is x mm and DB is (3 — x) mm. the capacitances 
of the three successive capacitors are 100/x. 50, and 100/(3 - x) 
pF. The voltage V,,, is, therefore. 40 V. and V,, is 10x > 40 
+ 10(3 — x) = 70 V, independent of the value of x. 


In figure, all the capacitors are in steady state initially. 
C, = 2 uF 5. 


C= 6 pF 


e=6V 
(i) What is the charge flowing through the switch when it is 
closed? 
(ii) What is the charge flowing through secnon AB? 
(iii) What is the work done by the battery? 
(iv) What is the heat produced when S is closed? 
Considering the isolated system. Before closing the 
switch, 
Av + (v- 6) 2 +(x- 6)2=0 or x=4V 
Quel = 16 uC; Qu j 4 uC 
Que = 12 pC l 
When switch S, is closed, the 4 pF capacitor is short-circuited, 
and the potential difference across it becomes zero. The circuit 
after closing the switch is shown in figure. 


4.40 Electrostatics and Curent Electricity 


The charges on each capacitor at this stage 
' 9 Aane 
2x 6= 12 pC and Q; „r 
+12pC -12pC 
A 


B nH ny 


+36pC -36 pC 


=6 x 6= 36 pC 


6V 


` 


+12nC -12C 
| 
6V 


6V 
After ċlosing the switch 


Before closing the switch 


| AQ, = Orns — Qinitat | | AQ = AQ, + AQ; | 
=1-4=8yC | | =8+24=32 pC) 
— eee OE: on PEE EEN i 
AQ, nq,  (aQ,= 40+ 80" | 
ie = 32+ 16 = 48 pC 
| M a e l 
| 
[| 
| AQ, 
AAO we ~ AQ,= Orina a Qinitial | 
| | =36-12=24 pC! 
[__¢——_—_ 
AOQ=AQ, + AQ, 


=8+24=32 pC 
a oot 


Figure shows the charges coming and going out of the 
capacitors. So the charge through section AB is 32 uC, and the 
charge through the switch is 48 uC. When the switch is closed, 16 
uC charge from the left plate goes past the switch and neutralizes 
the -16 uC charge on the right plate. Hence, charge passing 
through the battery is 32 uC. So the work done by the battery is 


re AqV = (32 uC) (6 V) = 192 yJ 
Heat produced is 
BV ae AU=W 


battery 


- (U,- U) 


| 
Uy=5(2)% 62+ (616) =144 uJ 


J 
and U,= 5 May + To = 48 uJ 


H = [192 — (144 — 48)] pJ = 96 uJ 


In the circuit shown in figure, capacitor A has capacitance 
C, =2 pF when filled with a dielectric slab (k = 2). Capacitors 
B and Care air capacitors and have capacitances C, = 3 uF and 
C = 6 UF, respectively. 


A is charged by closing the switch S, alone. 

(i) Calculate the energy supplied by the battery dur 
process of charging. Ng th 
Switch S, ig now opened and S, is closed. 

(ii) Calculate the charge on B and the energy stored į 
system when an electrical equilibrium ís attained, Mth, 
Now switch 5, is also opened, and the slab of A jg rok 
Another dielectric slab of K = 2, which can just m ed 
space in B, is inserted into it and then switch S, ln 
closed. I 

(iii) Calculate by how many times the electric field jp 4 
increased, Calculate algo the loss of energy during k 
redistribution of charge- i% 


When switch S, alone is closed, capacitor A gets direy 

connected across the battery. Thus, charge on A in steady sty, 

gy = CV = 2 180 = 360 pC ~A 

This whole charge is supplied by the battery at + 

V = 180 V. Therefore, the energy supplied by the battery dira 

the charging of capacitor A is É 
Wo = GV = 0.0648 J 


battery 
But the energy stored in capacitor A 1s 
U = T = 0.0324 J 


The remaining part of the energy supplied by the batter, : 
nverted into heat during the flow of current through +: 


co 

connecting wires. After A is charged, So. 
switch S, is opened, which — sI 
disconnects the battery. When S, is q | = 
closed, some charge is transferred 7 Ég 
from capacitor A to capacitors B and (%74 Je d é i 
C. Let the charge transferred be q. In pm 
steady state, charges on the 

capacitors will be as shown in figure. a 


Applying Kirchhoff’s loop law, 


D 1,4 (=D 0 orq =180uC 
C, G C g 
Now energy stored in the system of capacitors iS 


(= 9, cm + T o0 
2G, w 26, 


U,=U,+Ugt+Uc= 


Electric field in B is E = S qg 
q/€,A, where A is the area of aai 
plates of capacitor B. Now q' 


after the opening of switch 
S,, the dielectric slab of 4 
is removed; therefore, its 
capacitance becomes 
C q 
C= =1pF 
I~ l 

Another plate of K = 2 is inserted in capacitor B. Therelo® 
capacitance becomes C’, = KC, = 6 uF. J 

Now switch S, is closed and charge gets redistribut® mi 
a charge q’ be further transferred from A to capacitors itt 
In steady state, charges will be as shown in figure- 


lis 

. - 

(- iak a ari 
b474) 4 < thyr 


iy 


Kirchhoff’s loop law, 


m 
n 


t gtg _ %-9-F 
gti 4 q TT a ee, r 
GG C g =90 uC 
itor Bis g+q’ =2 
ppal charge on capaci q+q =270 uC. Hence, electric 
-Je it 1S 
_ inside Bo 
et gtd 
b= f KA 


or, bY which the electric field in capacitor B is increased is 
pact’ i 
p’_ +9) 20,75 

p a 

ng the redistribution of charge, energy is lost in the form of 
oduced in the connecting wires and is equal to X(Aq)?/2C 


| al pr f 7 > -i 
E ag is the increase In charge on a capacitor. Hence, energy 
Vv 


jost IS 


| puri 


A2 eat? "2 
cay UX UÙ -54x103 


7E 2G 2G 


Some capacitors each of ae ta a B 


capacitance 30 uF are connected 


„shown in figure. Calculate the 
equivalent capacitance between / f \ | 
| teminals A and B. A 
Gi Let us do the charge distribution as shown in the figure. 
sjunction A: Q =Q, +Q, ...(i) 
Q Q Q 
C Cc C 
c 0=0,+Q, ai 
Now considering closed loop DCED: 


Q, Q, -0, +20, | Q, -Q;, =0 


C C G 


Considering closed loop ACDA: — =0 


1 Q-20, +40, =0 m 
from Eqs. (ii) and (iii); 50, = 69, ™ 
From Eqs. (i) and (iv), we get 
N 69=110, ..(V) 
W considering outer loop (ADEBHA) 
ee ae 
fto Ne 30- 30, B 
m Eqs, (v) and (vi) we get 


quivalent capacity of the system 


Ci 
eq [5 *30 = 22 UF 
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on a capacitors having plate separation d, are 
as dane parallel to each other across the points A and B 
eat $ in figure. A charge Q is imparted to the system by 

necting a battery across A and B and the battery is removed. 


Now the first plate of the first Uy 
Capacitor and the second 
Plate of the second capacitor l 


Start moving with constant 4 
velocity u, toward left. Find 
the magnitude of the current 
flowing in the loop during this 
process. 


Sol. | Let each plate move a distance ‘x’ from its initial position. 
Let q charge flow in the loop. Using KVL, we have 


(2- ) dei -($-1) 


d,—Xx 
(2 = a\(d +x) (2 + alia - x) 
2 ie. ae ee. 
EA Ey A 
o q= 2 „O 
0 


Differentiating Eq. (i) both sides w.r.t. time. 
-da 2x) _ Qw 
dt 2d,\ dt 2d) 


Five identical capacitors each of magnitude 5 uF are arranged 
with a battery of emf 20 V as shown in figure. Initially, the 
switch is opened. Find the charge that flows from point 4 to 
point B, when the switch is closed. 


Suk SF) SpF Sp SpF 


20 V 


SOI) Let us consider the circuit when switch is open 


do To KO = 0 


20-2 -7 - 
Co Co Co 
34 100 -~6 
= = = — x 10°C 
or 20 A do 3 


4.42 Electrostatics and Current Electricity _ Dene 
4,42 eee 


~ C (qo t47 ol (qot4-917 al 
Co Co Co ( 0 0 
Ieee ihk 
qo do i D (do 
do I 4 


qo qo 
i ) V q 
‘20V 4 2( 


After closing the switch 


Before closing the switch 


Now considering the situation when switch 1s closed. 
U ` > 


In loop (1) 
wta h) (eta) -0 
7 CG) Co 
= „Ai 

or dp + 2q =g + 20, 
In loop (2) 

HtI- a= H , HtI=H) , WtI-W o 

G Co Co 

or = 3g, + 3q- 39, =g =Q ...(11) 
In loop (3) 

j-(S22}- (aa) 

G Gy 

o =. 2g, + 2g—g, = 20 * 5 * 10 = 100 x 10% ...(iil) 


After solving Eqs. (1), (ii), and (iii), we get 


400 
q= Eii from B to A. 


Thus. charge flowing from A to B is —400/7 uC. 


When the switch S in figure is pushed to the left, the plates 
of capacitor C, acquire a potential difference V. Initially, 
capacitors C, and C, are 


S 
uncharged. The switch is now E c 
pushed to the right. What are the, i : 


final Charges q,, q,, and g, on the | K F C, 
comesponding capacitors. 


Sa. When switch is thrown left 


— l Ago n) C} hs 
y ac ( 

É A ™ a | Ai | i 
SO ba mal OF! 


Charge in capacitor C, g= CV 
When switch is thrown right 
According to loop rule, 


— ] ] ' 1 
or Hata P41). (G46 
G Q G GC, 


eo acon ai. 


1=| 60,4 GG+ 4G 


CV - CGH 
N= I~ 9 CO,+GG+GG 


CVG + Gs) 
= ee, pr 
Ci C + C,C, + GG 
he: ee 
Also, = BF" CC +0G + GG 


~ CC, + GG,+ GG 


A capacitor of capacitance Cg is charged to a potential V xi 
then isolated. A small capacitor C is then charged from ¢ 
discharged and charged again, the process being repeatej , 
times. Due to this potential of the capacitor, C, is decreased: 
V. Find the value of C. 

| Sol. | Initial charge in capacitor Cy; 49 = Cy, 


Charge in capacitor ‘C; after connecting with capacitor `C. 


O 
air 20) Gh ace 


After discharging and again charging first time, 


-Quy -Lh 
(G+) (G+0 
ie, V =———— Eee 
l (Cot C) 


After discharging and again charging second time the cè 
capacitor C,, 


BA cr 
h, = (4 ) = —— _ 
il, (C)+0) 


Co tC 


gement of parallel E A shown in figure 
me” he same surface area A = 10 cm”. A battery of emf £ = 
ie t “onnected across the ends 4 and B. Plate 2 is slowly 
vise vard by some external force. 

l 


re? op 


ahe position ofthe plate at which the energy stored in the 
i nis minimum. Also, find this minimum energy. 
asit ~ i 
w ~288xl0-? Fm". 
Q 


Let x be the instantaneous distance between the plates 
snd 3. then that between 1 and 2 will be d—x, where d = 3 cm. 
ip, distance between 3 and 4 is d, = 1 cm. 


Te system of plates can be represented as combination of three 
actors C,, Ca, and C,, where 
A A A 
c= 4 .¢,- 0% andc= 2 
d=x K do 
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C, C, 
2141 4,13 
A C, y, B 
C; 
_ 2p 
— 
+y- 
i H H 
E=10V 


The equivalent capacitance of the system is 

Gc A 
= 1™3 + © = O&A + &4 
G+G dj+d-x x 
The potential energy of the system 


yaloy? 1/204 , 204 y 
2 2\dj+d-x x 


The energy of the system is minimum when 


dU _ 
dx 
dU _{_ &4 4 |2 -o 
dx \(dtd-xy x 
d+d, +1 
or x¢=(d+d,—x) =0 or x= 60 Sein 
2 2 
atte EA e Ax10 F 


C= 
min“ (14+3-2)x10 2x10" 
and the minimum energy is 
1 l , 
Un = 5 Cn E’ = 5 (6&04x10)E 


x 
2 


(8.8 x 10-)(10 x 10°)(1072)(10F = 4.4 x 10] J 


4.44 Electrostatics and Current Electricity f 


ii 


1. A number of capacitors, each 
of equal capacitance C, are 
arranged as shown in figure. 
The equivalent capacitance 
between 4 and B is 
(1) °C 
(2) (Qn + 1)C 

n—-l)n 
gc 


> 


ce 


(4) (n = C 


æ 


-Dip 


v 
fe) 
- 
- 


n groups 
A 


Exercises 


| (2) c&,A/d | 


Single Correct Answer Type 


Be 


——$—— 


a 


2. The plates of a parallel plate capacitor are charged up to 
100 V. Now, after removing the battery, a 2 mm thick plate 
is inserted between the plates. Then, to maintain the same 


potential difference, the distance between the capacitor 
plates is increased by 1.6 mm. The dielectric constant of the 


plate is 
(1) 5 (2) 1.2 
(3) 4 (4) 2.5 


3. Three plates A, B, and C each 
of area 50 cm” have separation 
3 mm between A and B and 
3 mm between B and C. The 
energy stored when the plates 
are fully charged is 
(1)6x10°J 
(2) 3.12 K 10° J 
(3) 212 x10°.3 


(4) none of these 


5 


A 
B 
Fien 
12V 
C 


4. The capacitance of an infinite circuit formed by the repetition 
of the same link consisting of two identical capacitors, each 


with capacitance C (figure), is 


C C 
E 
5 
(1) zero g Y=! ¢ 
2 
JS 41 
(3) z C (4) infinite 


5. For thé configuration of 
media of permittivities G, 
£, and £, between parallel 
plates each of area A, 
as shown in figure, the 
equivalent capacitance is 


10. 


6. 


. A parallel 


E 

| 
l 

i 


(1) &,4/4 ; 
£ a 
iol (4) (26 + €)d 


(3) d(é + Ea) 
tor has an inner sphere of radius I 
and an outer sphere of radius 13 cm. The outer Sphere 
earthed, and the inner sphere is given a charge of 25,, 
The space between the concentric spheres is filled with, 
liquid of dielectric constant 32. Determine the potentia i 


the inner sphere. 
(1) 400 V 
(3) 500 V 


A spherical capaci 


(2) 450 V 
(4) 300 V 


plate capacitor has plates of area A and separatio 
d and is charged to a potential difference V. The chargin, 
battery is then disconnected and the plates are pulled apar 
until their separation is 2d. What is the work required w 


separate the plates? 
(1) 2e,AV?/d 
(3) 364V? [2d 


(2) &AV°/d 
(4) 2,AV? /2d 


. A parallel plate capacitor is charged and then disconnect 


from the source of potential difference. If the plates oj 
the condenser are then moved farther apart by the use ji 
insulated handle, which of the following is true? 

(1) The charge on the capacitor increases. 

(2) The charge on the capacitor decreases. 

(3) The capacitance of the capacitor increases. 

(4) The potential difference across the plates increases. 


. For section AB of a circuit shown in figure, C, = 14 


C, = 2 uF, E = 10 V, and the potential difference V, -7,7 
-10 V. Charge on capacitor C, is . 
Cı E C3 
Ae——||—|t —|| —+ 
(1) 0 uC (2) 20/3 uC 
(3) —40/3 uC (4) noné of these 
Three capacitors 4, B, and C are connected in a cirt! * 


aa in figure. What is the charge in uC on the capaci 


Br=3nF C= 4nF 


(1) 1/3 


. Three capacitors a) 403 
shown in Anes Thenie a - ra A TA 
on capacitor C is HES 
(1) 6 pC Ci i 
(2) l2uc Th] 
(3) 18 uC H 
(4) 24 uC a r 6V 


l pattery. With symbols having their usua 


pa 
An 


— 
A 


u 
ii 


-e on sitor of capacitance C ı = l UF charged 

f me 0 V is connected in parallel to the terminals of a 
it consisting of two uncharged Capacitors 
ee and possessing capacitances Ci = 
in 


2 F 
_ 3 uF. Then, the amount of charge that ie 2i 


e, 
—___ 


connected 


* ugh the connecting wires is 
Witte (2) 50 uC 
5) 60 uC 6) 110 wc 


+ In figure, three capacitors C, C,, and C, are joined to a 


l meani 
orrect conditions will be 
c 


Ci Vi Qi 


— 
~ 


Q LV: 23 "i REF 
0,=0,+0, and V =V; + V,+ V, 
0=0 


„+O, and V= V,+ y, 


4 0-0. and V, = V, 
. An uncharged parallel plate capacitor having a dielectric 
of dielectric constant K is connected to a similar air cored 
parallel plate capacitor charged to a potential V The two 
share the charge, and the common potential becomes V’ . The 
dielectric constant K is 


y V 

(1) 2-1 2) +1 
7 Le 

a V V 

9) —-] 4) —+] 
y (a) y 


0 0 


5. Two identical parallel plate capacitors are connected in 


series and then joined in series with a battery of 100 V.A 
slab of dielectric constant K = 3 is inserted between the 
plates of the first capacitor. Then, the potential difference 
“Toss the capacitors will be, respectively, 
(1)25 V, 75 V (15 V,25V 
3) 20 V, 80 V (4) 50 V, 50 V 


l6. In the o; ; ; i 
“the given network of capacitors as shown in figure, given 


7 


tiat C= C, = C, = 400 pF and C= C, = C, = 200 pF. The 
“lective capacitance of the circuit between X and Y is 


C C C 
XC 1) | 2j | 3 
| 


Co 

(1 

PN (2) 205 pF 
i ed (4) 410 pF | 

V : bi done in increasing the potential of a capacitor from 
os tto 2V volt is W. Then, the work done in increasing a 
be Ml of the same capacitor from 2V volt to 4V volt w! 
(l) w 

no (4) 807 


UP to a volta e | 


18. The pl 


19, 


20. 


21. 


22. 


23. 


` (1) 0.001 J 


24. 


———— 


Capacitor and Capacitance 4.45 
ates of a parallel plate c 

cach and are sepa 
Connecting it to 
the energy store 


apacitor have an area of 90 cm? 
rated by 2 mm. The capacitor is charged by 
a 400 V supply. Then the energy density of 


d (in Jm?) in the capacitor is (take £ = 8 8 x 
10? Fim!) ° 
(1) 0.113 (2) 0.117 
(3) 0.152 


(4) none of these 
In figure, given C =3 uF, C,=5 pF, C,=9 F, and C, = 13 pF. 
What is the potential difference between points A and B? 


2V7 cS G = 
| | C= 


(1) 13 V (2)9 V 
(3)0V (4) 11V 


Two condensers C , and C, in a circuit are joined as shown in 
figure. The potential of point A is V, and that of B is F- The 
potential of point D will be 


Ci C> 
D 2 
se— hH j 
V V5 
l CV,+C,V. 
(1) -r +V,) (2) pet a Sabet 9) 
2 C, +C, 
(3) CV, ACY; (4) CLV, =G 
. C,+C, C, +C, 


A capacitor is charged to store an energy U. The charging 
battery is disconnected. An identical Capacitor is now 
connected to the first capacitor in parallel. The energy m 
each capacitor is now 


(1) 3U/2 (2) U 
(3) U/4 (4) U/2 
Consider a parallel plate 


capacitor of capacity 10 uF with 

air filled in the gap between the a a 
plates. Now, one-half of the space 

between the plates is filled with a 
dielectric of dielectric constant 4 

as shown in figure. The capacity 

of the capacitor changes to 

(1) 25 uF (2) 20 uF 
(3) 40 uF (4) 5 uF 
A 2 uF capacitor is charged to 100 V, and then its plates are 
connected by a conducting wire. The heat produced is 

(2) 0.01 J 

(3) 0.1 J (4) 1] 

In figure, the initial status of capacitors and their connections 
is shown, Which of the following is incorrect about this 
circuit? 


ae + 10 V - 


2 uF 3 uF 


4.46 Electrostatics and Current Electricity 


i e on each capacitor will be Zero. 
o n mepe energy of the capacitor will be zero. 
(3) Total charge flowing from A to D is 30 Lae 
(4) Total charge flowing from A to D is -30 PL. aie 
25. A capacitor of capacitance C, 1s charged to a 7 a ae £ 
and then isolated. A small capacitor C is then c harge er 
C., discharged and charged again; the process being repeate 
n ‘times. Due to this, the potential of the larger capacitor 18 
decreased to V. The value of C is 


ý Ün V, Yn 
(1) o,(*8) (2) C, (2) -l 
(83) alf) (4) «lf “| 


26. In the circuit shown in figure, C = 6 pF. The charge stored in 


the capacitor of capacity C is 


' | | 


G 10 V 2C 
(1) zero (2) 90 uC 
(3) 40 pC (4) 60 pC 


27. A dielectric slab of area A and thickness d is inserted 
between the plates of a capacitor of area 2A with constant 
speed v as shown in figure. Distance between the plates is d. 


= o l| 
kae T 


The capacitor is connected to a battery of emf E. The current 
in the circuit varies with time as 


i 
E 


/ \ A 


/ I 


(jo. hy (2) 9 


28. A photographic flash unit consists of a xenon-filled tube. It 


gives a flash of average power 2000 W for 0.04 s. The flash 
is due to discharge of a fully charged capacitor of 40 uF. The 
voltage to which it is charged before a flash is given by the 


unit is 
(1) 1500 V (2) 2000 V 
(3) 2500 V (4) 3000 V 


p 


a 


Se 


a 
= 


. z I 
29. Two square plates (1 x 1) and dielectric | — x t P 


: . 2 ate | 
arranged as shown in figure. Find the equivalent Capacita, 
Ce 


of the structure. 


2€,A( K+1 

dad BA (2) zA ) 
1 | 2(K +1) t \K+3 

&,A( 2K +1` 

(3) EoA( K +1 (4) atf | 
t \K+3 t \ZK +3 


30. In the circuit shown in figure, C, = 6 HF, C, = 3 pF ay 
battery B = 20 V. The switch S, is first closed. It is the, 
opened, and S, is closed. What is the final charge on E) 


3 yF 
C> P 
6 uF = 
Ci í | S> 
Sı 
B=20V 
(1) 120 uC (2) 80 uC 
(3) 40 uC (4) 20 uC 
31. 


A, B, C, D, E, and F are conducting plates each of a 
and any two consecutive plates are separated by a dis 


d. The net energy stored in the system after the switch `° 
closed is 


bc 5 | 
32. In the circuit shown in figure, the charge on the >! 
capacitor will be 


4 uF 


1 


Pe 7 (2) 9 uC 
0 45 # (4) none of these 
gF acitors are connected as shown in figure. 1; 
ral CaP capacitor is 120 l i 
i sett rge on the 5 pF cap HC, the potential 
"pe © en points A and D 1s 
pete 3 pE 
j 4 uF 
| [SPF | 
| sal 
| | 4 uF 
| = , 
30 uF D | | 
2 uF 
ai (2) 32 V 
i «AV (4) none of these 
3 i circuit shown, the effective capacitance between 
points Xand Yis 
i 6uF 3 uF 
a ipa 
Smam S n L 
an 2uF 3uF 
qd 
l uF =- == 1 uF 
j | 
ee | 
8 uF 
4) 3.33 pF (2) 1 uF 
3) 0.44 pF (4) none of these 


¥ In figure, the battery has a potential difference of 20 V. The 
charge in the capacitor marked as C is 
2 uF 


se (2) 40 uC 
i, “i , a (4) none of these | 
eure, identical capacitors are connected in the following 
“€ Configurations, 


37. 


38. 


39. 


40. 


4l. 


42. 


e T Capacitor and Capacitance - 4.47 
-C ratio of the total capacitances in (i), (ii), and (iii), 
respectively, is 

(I) 3:55 (2)3:3:5 

(3)5:4:4 (4)5:5:3 

The equivalent capacitance of the 


circuit across the terminals A and 
B is equal to 


(1) 0.5 uF 
(2) 2 uF ki 

(3) 1 uF — 
(4) none of these 


Six capacitors each of capacitance 
| WF are connected as shown in 
figure. Find the charge flowing in 


direction 1 as shown in the figure 
will be 


(1) 12 uC 
(2) 6 uC 
(3) 3 uC 
(4) none of these 
The equivalent capacitance between 1x 
points X and Y in figure is [ | 

6 6 uF=- T3 uF 
(1) z HF ne 

5 | == 5 pF 
(2) 4 UF 2 pF E 

18 | al 
(3) — HF — 

oy 


(4) none of these 


Find the equivalent capacitance across 4 and B. 
15 uF 5 uF 
A va l uF B 
10 uF | 
| | 
10 uF l uF 
35 >, 29 
— 2) — uF 
(D -z uF (2) =H 
(3) 15 uF (4) none of these 
In the given circuit diagram C S 
(figure), switch S, is shifted from a aa 


position | to position 2. Then 
(1) a charge of amount CE, will be 
supplied to battery £, E, is 
(2) heat generated in the circuit is CE 4/2 
(3) a charge of amount CE, will be supplied by battery £, 
(4) heat generated in the circuit is CE, E,/2 
Capacitor C, is connected to a battery and charged till the 
nitude of the charge on each 
plate is qy Then, the battery is 
disconnected and C, is connected to 
two other uncharged capacitors C 
and C, as shown (figure). Final 
charges on the capacitors (q,, 4» and 
q,) are related by 


mag 


4. 


4.48 tlectrostatics and Current Electricity č  —ŻŽ > > osse 


49. 


48 Electrostatics and Current Electricity 


QM) 4,=4, +4, +4, (2)q,+4,+49,=0 
(3) qo= 43499 0 (=a t Iv 925 
43. Three identical metallic plates are kept parallel to one 
another at separations a and b. The outer plates are connected 
to the ground and the middle plate is 
given charge Q (figure). Then, the charge 
on the right side of middle plate is 


Qb 
l 9) _ 
(1) O/2 (2) 4b 
Qb Qa 
C rb a+b ) a+b 


44. A 16 uF capacitor, initially charged to 5 V, is started charging 
at t= 0 by a source at the rate of 40t Cs. How long will it 
take to raise its potential to 10 V? 

(i) 1s (2) 2s 
(3)3s (4) none of these 
45. Find the equivalent capacitance between C and B. 


4 uF 2uF | 12 uF 
A — |—+B 
p q r 
(1) 6/5 uF (2) 5/6 uF 
(3) 4 uF (4) none of these 


46. A parallel plate capacitor of capacitance 10 uF is connected 
across a battery of emf 5 mV. Now, the space between the 
plates of the capacitor is filled with a dielectric material of 
dielectric constant K = 5. Then, the charge that will flow 
through the battery till equilibrium is reached is 
(1) 250 uC (2) 250 nC 
(3) 200 nC (4) 200 uC 

47. Six plates of equal area A and plate separation as shown 


(figure) are arranged. The equivalent capacitance between A 
and B is 


E A 2E, A 

0 2 0 

(1) F (2) F 
38,4 ; E,A 
petal ae 4) = 
6) d 9 4d 


48. If area of each plate is A and the successive separations are 


d, 2d, and 3d, then the equivalent capacitance across A and 
Bis 


d 
A 
a 3d 
E,A 
bad ae 2) = penta 
() 6d 
(3) 3€,A (4) 


50. F 


51. 


53. 


54. 


n 


. . ieee 
In the circuit shown (figure), the equivalent ie: 
between the points X and Y is Pacita, 
| uF 
X Y 
Aut T 2 uF T uF 

(1) 2 pF (2) 3 pF 
(3) 4 uF (4) 5 uF 


or the arrangement shown in figure, identify the comey 


statement. 
kg 4u 


(1) The charge on the 12 uF capacitor is zero. 

(2) The charge on the 12 uF capacitor is 30 uC. 

(3) The charge on the 4 uF capacitor is 30 uC. 

(4) None of these. 

The particle P shown in the figure has a mass of 10 mg ai 
a charge of —0.01 uC. Each plate has a surface area 10 y 


on one side. What potential difference = 
V should be applied to the combination 0.04 uF =? 
to hold the particle P in equilibrium? v= 

(1) 43 mV (2) 35mV 


0.04 uF = 
(3) 50 mV (4) 55 mV | 


Ag+ 20 V 
Ri 


HE dojo 


. Figure shows two identical parallel plate capacitor 


connected to a battery through a switch S. Initially, t 
switch is closed so that the capacitors are complete 
charged. The switch is now opened and the free spe 
between the plates of the capacitors is filled with a dielect* 
of dielectric constant 3. Find the § 
ratio of the initial total energy a: 
stored in the capacitors to the final v+ T 
total energy stored. 

(1)9:16 (2) 5:9 
(3) 2:3 (4) 3:5 
In the circuit shown, a capacitor of capacitance 3 urs 


charged form a battery of emf 6 V with switch connect?" 
terminal P. The switch is 


now connected to Q. This f 
charges the 6 uF capacitor 
from the 3 uF one. What is 
the new potential difference 
across combination? 

()1V (2) 2V 
(3)4 V (4)6V 

In the given arrangement of Capacitors, 
6 uC charge is added to point A. Find the 
charge on upper capacitor. 
(1) 3 uc 

(3) 2uC 


ry 
nil 


(2) 1 uc 
(4) 6 uC 


| Ang ca acitors 4 and B with capacities C, an 
i 


tential difference of V and V. tresnan: 
charg? to p the capacitors are e keie q I respectively, 
| Jates © as shown In the 


«pe. TPE upper plate of A is i 
ie ve and that of B is = 
pos! ive. An uncharged de | 

aa a . 
me itor of capacitance C+ alin: pi 
cap alls on the free ends to ` T i sen 
m ircuit, then T 


omplete c as — 
|) the final charge on each capacitor are same to each other 
3) the final sum ok charge on plates a and d is cy 
3) the final sum of charge on plates b and g is C.V, -C v 

4) both (2) and (3) are correct 
/ gin the acute figure, the charge stored on a 
| capacitor of capacitance 3 UF is 


on 


30V 


(1) zero (2) 40 uC 
(3) 60 uC (4) 90 uC 

=, Aparallel plate capacitor is connected to a battery. The plates 
are pulled apart with uniform speed. If x is the separation 
between the plates, then the rate of change of electrostatic 
energy of the capacitor is proportional to 
(jx (2) x 


x 


(3) | (4) 2 
x 

3. Findtheequivalent capacitance 
between A and B. [Assume 
cach conducting plate is 
faving same dimensions and 
neglect the thickness of the 
plate, € A/d=7 uF, where A is ae 


aca of plates and A >> d]. 
(1) 7 uF (2) 11 pF 
(3) 12 uF (4) 15 uF 


`3. If the plates of a parallel plate capacitor are not equal in 

area, then 

'l) quantity of charge on the plates will be the same, but 
nature of charge will differ 

(2) quantity of charge as well as nature of charge on the plates 
will be different 

") quantity of charge on the plates will be different, but nature 
of charge will be the same 


quantity of charge as well as nature of charge will be the 
same 


“can itor plates are fixed on an inclined sean 
Plat cted to a battery of emf E. The capacitor ptate> LA 
een a, length /, and the distance between them 1S 4. 
electri, slab of mass m and 
into 1c constant K is inserted 


© capacitor and tied to 


by a . 
shown a massless string as J 


the figure. Find the BA 


ii Aa 
d C, are 


ei | 7 Capacitor and Capacitance 4.49 
Ve y i Ther 
l ihug ofM for which the slab wi 
S no friction betwcen slab and 


(1) 1 Fey A(k -1) 


Il stay in equilibrium. There 
plates. 


m E’e,Alk —1) 


= (2) = 
i zigd 2 Qed 
(3) #4 EAk- (ay "EE Ak) 


61. Two plates, each of area A, are placed 
parallel to cach other at a distance d. One j 
plate is connected to a battery of emf £ 
and Its negative is earthed. The other plate | | 
Is also earthed. The charge drawn by plate i | 


is 
2 z . — o 
(1) 26048 (2) EAE = 
d d 
EAE 3E, AE 
(3). d ad inea 
) 2d “) 
62. Find the charge that will flow through the —_ 


wire A to B if the switch S is closed. The 


capacitance of each capacitor shown in | B? i 

the figure is C. A 4 | 

(1) CV (2) CV/3 = S oS 

(3) zero (4) 2CV/3 | | 
63. The left plate of the capacitor C 

shown in the figure carries a | 

charge +Q while the right plate is | <$ 


uncharged. The total final charge 
on the right plate after closing the 


switch S will be 

(1) 2ce (2) 2 Ce 

(3) _2 (4) none of these 
2 


64. The effective capacitance between points 4 and B is (the 


capacitance of each of the capacitors is C) 


(1) C (2) C/2 
(3) 36C/17 (4) 4207/17 
65. Three large plates are arranged 
as shown, How much charge will 
flow through the key k if wos 
closed? 
(1) 5Q/6 
(3) 30/2 
66. Two identical conducting very large 
plates F and P, having charges +40 
and +6Q are placed very closed to each 
other at separation d. The plate area of 
either face of the plate is A. The potential 
difference between plates P, and P, is 


(2) 40/3 


(4) none 


e O O OUO GNA BMC LUPIEILYy 


d 
(1) Pp -7p = 24 
Ag 


0 


5Qd 
3) Vp -V, = 
(3) Va ® Ae 


0 


y -Qd 
(2) Va -Vp =—— 


(4) Va = 


AE, 


-5 
V , =— Qd 


Ep 


67. In the above question, if plates P, and P, are connected by a 


thin conducting wire, then the amor 


int of heat produced will 


be 
2 5 2 
ay 2a a La 
Ag, Ag, 
20° : 
(3) 7 d (4) none of these 
As 


0 


68. A battery (or batteries) connected 
to two parallel plates produces 
the equipotential lines between 
the plates as shown. Which of 
the following configurations 
is most likely to produce these 
equipotential lines? 


2V 2V 


-2V -1V OV 1V 2V 


2V 


69. Charges Q, and 2Q, are given to parallel plates 4 and B, 
respectively, and they are separated by a small distance. The 


capacitance of the given arrangement 


, Q, 2Q, 
is C. Now, plates A and B are connected 
to positive and negative terminals of id 
battery of potential difference A B 
V=2Q,/C respectively, as shown, 
then the work done by the battery is 
2 
(1) 20; (2) ke y- A 
C C C 
2 
(3) 525 (4) H 
C 
70. In the given circuit, the 2/3 Qo 
initial charges on the : = | + 
capacitors are shown in the 1: yi 


figure. The charge flown 
through the switches S, and 
S,, respectively after closing 
the switches are 


71. 


12. 


73. 


74. 


— : 
—— 


Qy 


(1) zero, = Q 
6 


Qo 
g 2 


Q 3 O 
3) zero, — 4) -0,2 
(3) 3 (4) z Q : 
Figure shows two capacitors C, and C, Connected yin | 
battery and terminal A and B are earthed. The sah I 
the variation of potential as one moves 
Then the ratio C/C, is 


E | OE 
10V C Č 
4 L. JB 


Potential 


8 
from | Oy, 


(1) 5/2 (2) 2/3 
(3) 2/5 (4) 4/3 
In figure, there are two patterns of electric field lines abser 
of dielectric [Fig. (a)] and in presence of dielectric siz 
[Fig. (b)]. The relative permittivity of the dielectric slah 


l Z 
—p 
—p 
air dielectric 
slab 
(a) (b) 
5 5 
1) = 2) = 
(1) 3 (2) 3 X E 
(3) 4 a= 
2 
All the capacitances shown | 3 
in figure are in uF. Find i | i 
the equivalent capacitance ~ | 
between 4 and B. 
(1) 2 uF 


(2) 3 uF 3 A 
(3) 6 uF 7 a ak ) l 
(4) 9 uF 

The left most capacitor is uncharged. The other n 
Capacitors carry charges q, = S uC and q, = 10 uC. No 


R i a a me ~ 10“ 
switch S is closed. Find the final charge on left " 
capacitor, 


t4- +q- 
P| e) 
| © uł 6 uF a 
` [a S 
6 
(1) 3 uC (2) 6 uC 
(3) 12 uC (4) 18 uC 


iè e shown, all the o 
h jn acitors are initially uncharged. 
a > I: only switch S, is closed 
| jj: only switch S, is closed 
j jj]; both switches are closed 
i the ratio of the total energy 
Find d in the system of capacitors 
ar cases I, I, and MI, 
ively. 
Ti | N (2)5:7:9 


3) | 
wultiple Correct Answers Type i 


1, Charges Q, and Q, are given to two plates of a parallel 
plate capacitor. The capacity of the capacitor is C. When 
the switch is closed, mark the correct statement(s). (Assume 
both Q, and Q, to be positive.) 


Qi Q2 


(1) The charge flowing through the switch is zero. 

(2) The charge flowing through the switch is Q, + Q,. 

(3) Potential difference across the capacitor plate is Q,/C. 
(4) The charge of the capacitor is Q.. 


2. Two identical capacitors with identical dielectric slabs in 
between them are connected in series as shown in figure. 
| Nov, the slab of one capacitor is pulled out slowly with the 
help of an external force F at steady state as shown. 
Mark the correct statement(s). 


During the process, charge (positive) flows pom janis 
) During the process, the charge of capacitor B 1s equal to 
the charge on A at all instants. 
4 ork done by F is positive. 
; uring the process, the battery has been punea 
P plate air capacitor has initial a ee 
sare eee f, A ça acitor to 
i atement(s). (Take potential of the cap 


Co ‘ $ . ted 
loh nstant, i.e., throughout the process it remains conne’ 
attery.) 


un 


- A dielectric slab fills the lower 


Capacitor and Capacitance 4.51 


(1) Work done by elect 


ric force = negative of work done by 
external agent. 


(2) Work done by external force = -|F -dx, where F is 
the electric force of attraction between the plates at plate 
Separation x, 


(3) Work done by electric force # negative of work done by 
external agent. 

(4) Work done by battery = two times the change in electric 
potential energy stored in capacitor. 


half of a parallel plate capacitor as 

shown in figure. (Take plate area 

as A) 

(1) Equivalent capacity of the 
System is (€,4/2d)(1 + K). 

(2) The net charge of the lower 
half of the left hand plate is 1/K 
times the charge on the upper 
half of the plate. 

(3) Net charges on the lower and y 
upper halves of the left hand 
plate are different. 

(4) Net charge on the lower half of the left hand plate is 
KeA 

xy. 
2d 


- In figure, the charges on C,, C,, and C, are O,. O,, and Q.. 


respectively. Then, 


(1) 0,=8 pC (2) 0,=12 uC 
(3) O, =20 uC (4) QO, = 12 uC 
. In the circuit shown, C, = C, = C, Cc 


2 uF. Capacitor C, is charged 

to 50 V and C, is charged to 

20 V. After charging, they are 

connected as shown. When S, | 

S., and S, are closed, |. | 
? 3 , = — 

(1) 70 uC of charge will pass = = 

through S, 


- (2) 100 C of charge will pass through S, 


(3) 70 pC of charge will pass through S, 
(4) 40 uC of charge will pass through S, 


A capacitor of 5 pF is charged to a potential of 100 V. Now, 


this charged capacitor is connected to a battery of 100 V 
with the positive terminal of the battery connected to the 
negative plate of the capacitor. For the given situation, mark 
the correct statement(s). | 

(1) The charge flowing through the 100 V battery is 500 uC. 
(2) The charge flowing through the 100 V battery is 1000 uC. 
(3) Heat dissipated in the circuit 1s 0.1 J. 

(4) Work done on the battery is 0.1 J. 


4.52 Electrostatics and Current Electricity . 2 nee eee = 
8. Figure shows a part of a circuit. If all the capacitors have a 13. A charg 


l identical capacitors in parallel. 
ee Separation of the plates in each 
I ' capacitor is dy Suddenly, the first 

c 


d plate of the first capacitor and | 
q 7 qh the second plate of the second +0 IN 
sil = +1 ; 
— - 5 tu capacitor start moving to the left 
SV Ci 2V C, 3V with speed V, then m 
74 p as on the two capacitors as a function of ti 
(1) charge on C, is zero (2) charge on C, is 12 uC (1) charges o time i 
(3) charge on C, is 6 WC (4) charge on C, is 6 UC O(d, - vt) Q(d, + vt) 
9, In the circuit diagram shown in figure, 2d, 2d, 


(2) charges on the two capacitors as a function of time ù 


T tL, Od Od 
6uF| L uF 2 WF) 3 uF 6 WF 2(d, —vt) 2(d, + vt) 


(3) current in the circuit will increase as time passes on 
(4) current in the circuit will be constant 


12 V i4. Two plates of a parallel plate 


i harges q and —q and Lae 
(1) the charge on 2 uF capacitor is 8 UC pag - dis ee i oi i 
(2) the charge on each 6 uF capacitor is 72 UC e her The aN tarib comecdid 
(3) the potential drop across 1 uF capacitor is 4 V a soista voltage source Vo The +4 3 
d $ p EL 
aa pitana cropactos pee N distance between the plates is changed = 
10 Four capacitors and a battery 12 pF to x + dx. Then in steady state 
are eta as le in in i” : (1) change in electrostatic energy stored in the capacitor: 
figure. Ifthe potential difference p Wels: 
naa a X Dne ns | ee ae L AF (2) change in electrostatic energy in the capacitor : 
7, then which of the follow1 
° —Udx/ dx 
statement(s) is/are correct? 


1 d i / 2 E 
(1) The potential drop across the 12 uF capacitor is 10 V. (3) Paeon torce betwen ibe plates Is : 7 PE 
(2) The charge in the 3 uF capacitor is 42 uC. (4) attraction sores: Between tie plates is gi (Mias 
(3) The potential drop across the 3 uF capacitor is 10 V. e e the pies) 


(4) The emf of the battery is 30 V. 15. Three identical parallel conducting 4 : 3 
| | 


cn ee plates A, B, and C are placed as shown. 
11. Find the potential difference between the points A and B and 


Switches S, and S, are open, and can 
. . . l 2 
that between E and F of the circuit shown in figure. Sonnect A and C to carth when closed. | 


Ad +Q charge is given to B. . bes 
| (1) If S, is closed with S, open, a charge X h 
ISuF  5pF ; r uF of amount Q will pass through S.. a 
A BE P F (2) If instead S, were closed with S, open, a charge of 
Q will pass through S.. “s 
É Hae MAE (3) If S, and S, are closed together, a charge of amount + 
| | L | will pass through S,, and a charge of amount 203° 
5 uF Bois uF Fs uF pass through S,. oh 
(4) If S, and S, are closed together, a charge of amoun! w 
D) P55 V (2) Vig = 3 V will pass through Ss. anda charge of amount O13 will 
(3)V,,=0 (4) V,,,=0 through S j 
12. Two identical parallel plate capacitors are connected in one 16. A parallel plate capacitor is charged from a cell v a0" 
case in parallel and in the other in series, In each case the isolated from it. The separation between the plates i 
plates of one capacitor are brought closer by a distance a increased, i decre 
and the plates of the other are moved apart by the same (1) The force of attraction between the plates will de g 
distance a. Then (2) The field in the region between the plates will not °? 
(1) total capacitance of first system increases (3) The energy stored in the capacitor will uan i 
(2) total capacitance of first system decreases (4) The potential difference between the plates w! 
(3) total capacitance of second system decreases 17. In figure, half of the space between the 7 
(4) total capacitance of second system remains constant plates of a parallel plate capacitor is filled 4 


with dielectric material of constant K. 
Then which of the plots are possible? 


18. 


19, 


20, 


(3) 0 


Four identical metallic plates (1, 2.3 and 
4) are arranged in air at same distance d 
from each other with their outer plates 
being connected together and earthed. 
If the plates 2 and 3 are connected with 
a cell of constant emf E, then ratio of 
electric fields between the plate is 


E: E : l = 
(1) 4: E: a ge 
lo l 
Gigis s 


and variation of electric potential will be 
l 2 3 


vV 


4 1 2 
; 


3 4 


Figure shows a capacitor having three 
layers between its plates. Layer x is 
vacuum, y is conductor, and z is a 
dielectric. Which of the following 
change (s) will result in increase in 
Capacitance? — 
(1) replace x by conductor (2) replace y by dielectric 

(3) replace z by conductor (4) replace x by dielectric 


] 


ther apart by means of insulatin g handles. 
The charge on the capacitor increases. 
(2) The voltage across the plates increases. 
(3) The Capacitance increases. 


(4) The electrostatic energy stored in the capacitor increases. 
© plates of a parallel plate capacitor are not exactly 


P arallel, The surface charge density is, therefore, 
(1) higher at the closer end l 
the surface charge density will not be uniform , 
each plate will have the same potential at each ae i 
the electric field is smallest where the plates are closes 
; OWS of capacitors containing 
o 8 ..., œ capacitors, 
e 
y of capacitance 2F, 
© Connected in parallel as 


sh 


own in fj i 
die gure. The potential 


erence across AB is 10 V, 
then 


3 


A parallel plate capacitor is charged and the charging battery 
S then disconnected. If the plates of the capacitor are moved 


23. 


24. 


25. 


PEREN ____ Capacitor and Capacitance 4.53 
, oO nr eee 
(1) total Capacitance across 4B is 4F 


2 . 
(2) Charge on each capacitor will be same 


3 ae 
(3) charge on the capacitor in the first row is more than on 
any other capacitor 


(4) nergy of all the Capacitors is 50 J 
Figure shows 


for is an arrangement of E E E Ae 

Our identical rectangular plates 4 

B, C, and D each of area S. Find tý k 

the charges appearing on each face 

(from left to right) of the plates. 

Ignore the Separation between the 

plates in comparison to the plate Af B cl D 

dimensions, -— 

(1) Potential difference between plates A and B is independent 
ofQ.. 

(2) Potential difference between plates Cand D is independent 
of O. 

(3) Potential difference between plates A and B is independent 
of Q.. 

(4) Potential difference between plates C and D is independent 
of Q.. 


A parallel plate capacitor is charged as shown ( Q is given). 
A metal slab with the total charge +Q is placed inside the 
capacitor as shown. The thickness of the slab is d. The 
distance between the top plate and the top of the slab is 2d, 


and the distance between the bottom plate and the bottom of 
the slab is d. Each plate is 


$ K, 
grounded through a eal i 
galvanometer as shown. al 
Find the charge that passes JK 


through each galvanometer -2 

after both switches are 

closed simultaneously. 

(1) A total charge of —O/3 flows (through G) from the bottom 
plate to ground. 

(2) A total charge of +40/3 flows (through G,) from the top 
plate to ground. 

(3) A total charge of +0/3 flows (through G ) trom the bottom 
plate to ground. 


(4) A total charge of 40/3 flows (through G,) from the top 
plate to ground. 


Five plates are arranged as shown in the figure and connected 
across a battery of emf V. The separation between each plate 
is d and surface area of each plate is 4. 

Area A 


(1) Equivalent capacity between A and B is E) A/Sd 
(2) Equivalent capacity between A and B is 3€).4/Sd 
(3) Charge on plate 1 is &)AV/5d 

(4) Charge on plate 3 is 3€)AV/Sd 


4.54 Electrostatics and Current Electricity 


Linked Comprehension Type 


For Problems 1-2 
A 1 uF and a 2 uF capacitor are connected in series across a 
1200 V supply. 

1. The charged capacitors are disconnected from the line and 
from each other and are now reconnected with the terminals 
of like sign together. Find the final charge on each capacitor 
and the voltage across each capacitor. 

(1) Charges on capacitors are 1400/3 uC and 3200/3 uC, and 
potential difference across each capacitor is 1600/3 V. 

(2) Charges on capacitors are 1600/3 uC and 3200/3 uC, and 
potential difference across each capacitor is 1600/3 V 

(3) Charge on each capacitor is 1600 uC, and potential 
difference across each capacitor is 800 V. 

(4) Charge and potential difference across each capacitor are 
zero. 

2. If the charged capacitors are reconnected with the terminals 
of opposite signs together, find the final charge and voltage 
across each capacitor. 

(1) Charges on capacitors are 1400/3 uC and 3200/3 uC, and 
potential difference across each capacitor is 1600/3 V. 

(2) Charges on capacitors are 1600/3 uC and 3200/3 uC, and 
potential difference across each capacitor is 1600/3 V. 

(3) Charge on each capacitor is 1600 uC, and potential 

difference across each capacitor is 800 V. 
(4) Charge and potential difference across each capacitor are 
Zero. 

For Problems 3-5 

In the arrangement shown in figure, when the switch S is closed, 


find 
S 
+ | 
I2HF Z 16V —— 4uF 
6 uF 
3. the final charge on the 6 uF capacitor 
(1) 12 pC (2) 24 uC 
(3) 32 uC (4) 48 uC 
4. the final potential difference across the 4 uF capacitor 
(1) 12 V (2) 8V 
(3) 20 V (4) 32 V 
5. the final potential difference across the 12 uF capacitor 
40 20 
— yV (2) — V 
ie T 
(3) 12V (4) 24 V 
For Problems 6-7 


Each plate of a parallel plate air capacitor has area S= 5 x 10° 
m? and the distance between the plates is d = 8.80 mm. Plate A 
has positive charge q, = +10” C, and plate B has charge q, = 
+2 x 10- C. A battery of emf £ = 10 V has its positive terminal 
connected to plate A and the negative terminal to plate B. (Given 
e, = 8.8 x 10 2 Nm? C?) 


å Charge supplied by the battery is a 
(1) 120 pC (2) 100 pC | 
(3) 60 pC (2) 50 pC | 

7. Energy supplied by the battery is | 
(1) 10° J (2) 5x 10°] | 
(3) 50x 10° J (4) 25x 10° J 

For Problems 8—9 Qi 
For the system shown in figure, 

capacitance is C. The left plate is given 0 
a charge Q,, and the right plate is 

uncharged. Now, the switch is closed. 

8. Find the amount of charge that will | n 
flow through the battery before the i 
steady state is achieved. 

(1) CV (2). Ch —9. 
Q 
(3) cv+ & (4) -a 

9. Find the charge appearing on the inner face of the left plate 

(1) CV- 2 (2) CV+Q, 
Q, 
(3) CV + =- (4) CV 


For Problems 10-11 
Consider the circuit shown in figure, after switch S is closed. 
4 uF 


4 uF 


10. What amount of charge will flow through the battery? 


(1) 20 uC (2) 60 uC 

(3) 40 uC (4) no charge will flow 
11. What amount of charge will flow through the switch? 

(1) 20 uC (2) 60 uC 

(3) 40 uC (4) no charge will flow 


For Problems 12-16 


The given circuit shows an arrangement of four capacil0® i 
potential difference 30 V is applied across the combination: 
observed that potentials at points 4 and B differ by 5 V- A 
a conducting wire is connected between 4 and B, electro!’ ø 


flow from 4 to B. Of course, we have not actually connect? i 
tua 


] 


|s0 


wire between 4 and B, we have described only an ‘if’ si 
Answer the following questions. 


C\=2 uF 
<b A 


| potential difference across C, is 


(1) 12.5 V (2) 15.5 Vy 
(3) 17.5 V (4) 22.5 V 
5, Equi valent capacitor between X and Y is 
1 a) 2.34 uF (2) 1.54 uF 
3) 1.22 uF (4) 0.77 uF 
4, Charge on capacitor C, is 
' 0 60 HC (2) 52 uC 
3) 42 uC (4) 35 uC 
Let us NOW connect two more capacitors in the circuit. One of 


them C, 18 connected in the part of the circui 
p could be either m Series or in parallel with C,. The other, C. i 
connected between A and B. It is observed whether we Hese 
c or reduce it, equivalent capacitance between X and Y has the 
same value. 


t between Y and 4. 


15. Capacitance C i is 
(1) 1.24 uF in series with C, 
(2) 1.92 uF in parallel with C, 
(3) 2.28 uF in series with C, 
(4) 2.56 uF in parallel with C, 

16. Charge on C, will be 
(1) 32 pC 
(3) 24 uC 

For Problems 17—18 


Figure shows a diagonal symmetric arrangement of capacitors 
and a battery. 


(2) 28 uC 
(4) 16 uC 


E=20V 


17. Identify the correct statements. 
(1) Both the 4 HF capacitors carry equal charges in opposite 
Sense. 
(2) Both the 4 UF capacitors carry equal charges in the same 
sense, 
(3) y, — V = 
(4) Fi — r >0 
18. If the potential of C is zero, then identify the incorrect 
Statement. 


2) WwW, T V,) + 2(V,, - VD) a 2V; 

8) a, a Fa T 2(V; z Vp) = 4V 
Fo ae 
t d Problems 19-20 7 
wite “cuit shown in figure, initially the switch is opened. The 


'S Closed now. 
Ci 
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19. The charge that will flow in direction 1 is 


12 — 
(1) ee (2) ES} 


C, +C, C+C, 
Cre 
(3) Mie Yo 
T +C, (4) Ce 
20. The chärge that will flow in direction 2 is 
2 A 
(d) ~- G28 | (2) Gece r 
C, +C, ENA 
Cre 
(3) == (4) Ce 
C, +C, i 


For Problems 21-23 


Capacitors C, =2 pF and C,=3 uF are connected in series 
to a battery of emf ¢ =120 V whose midpoint is earthed. The 
wire connecting the capacitors can be earthed through a key K. 
Now, key K is closed. Determine the charge flowing through the 
sections 1, 2, and 3 in the directions indicated in figure. 


21. In section 1, 


(1) —24 uC (2) —36 uC 

(3) —60 uC (4) 60 uC 
22. In section 2, 

(1) —24 uC (2) —36 uC 

(3) —60 uC (4) 60 uC 
23. In section 3, 

(1) -24 uC (2) -36 uC 

(3) —60 uC (4) 60 uC 
For Problems 24—26 


Two capacitors of capacity 6 uF and 3 uF are charged to 100 V 
and 50 V separately and connected as shown in figure. Now all 
the three switches S, S,, and S, are closed. 


6 uF 3 uF 


ti t2 Pa 3 4 
AY 
100 V - 50 V 
|si |S 
| 


200 V 


24. Which plate(s) form an isolated system? 
(1) Plate | and plate 4 separately 
(2) Plate 2 and plate 3 separately 
(3) Plate | and plate 4 jointly 
(4) Plate 2 and plate 3 jointly 
25. Charges on 6 HF and 3 F capacitors in steady state will be 
(1) 400 pC, 400 uC (2) 700 uC, 250 uC 
(3) 800 pC, 350 uC (4) 300 uC, 450 uC 


26. Let q; q, and q, be the magnitudes of charges flown from 
Switches S , S., and S, after they are closed. Then 


1? 2? 
(1) q,— 4, and q, = 0 (2) q,= 49,7 4/2 
Gjamma = 34, (4) 4 =¢,> 9, 


For Problems 27-29 

Capacitor C, in the circuit is a variable capacitor (its capacitance can 
be varied). C, and C, are of fixed values. Graph is plotted between 
potential difference V, (across capacitor C,) versus C,. Electric 


potential V, approaches on asymptote of 10 V as C, > œ. 


0246 81012 
Cy C3 C(uF) 


27. The electric potential V across the battery is equal to 


(1) 10 V (2) 12V 
(3) 16 V (4) 20 V 
28. Relation between C, and C, is 
Q) C=C, (2) C, =4C, 
(3) 4C,=C, (4) any relation 
29. When V, = 4 V, then C, is equal to 
(sc 72 (2) 5C;/3 
(3) 5C,⁄3 (4) none of these 
For Problems 30-32 aad 


Figure shows four plates each of plate area 
A and separated between plates is d. Two 
switches S, and S, can activate two 


batteries in the circuit. 


30. Switch S„ and S,, are closed. What 
is the charge on plate 2? 


3 & AV 3 & AV 
1) —-—— 2) = 
(1) > D (2) > d 
1 & AV 4 € AV 
3) -—— 4) — 
(3) 3 g (4) 3 J 
31. What is the charge passing through battery 1? 
3 &4V 3 & AV 
(1) = 2) = 
(1) 3-5 (2) > J 
1 & AV 4 &€ AV 
poser ai 4) — 
6) 3 d © 3 d 
32. Now switch S, is opened, what is the charge on plate 4? 
5 E&gAV (2) 42 AY 
3 d 3 d 
“ad 3 d 


For Problems 33-34 
Three capacitors C,, C,, and C, of capacitance | uF, 2 uF, and 


3 uF, respectively, are charged separately as shown in the figure. 
Now these charged capacitors are connected to a battery of 
¢ = 20 V and an uncharged capacitor of C = 2 uF as shown in 


figure. 


ier 


TEAT - 


+20 uC -20 uC +10pC -10uC +30 nC -30 uC 


|li 


C,=2 pF A 


i 


+ €=20V 
i=1pF =C,=3pF | 


i sie 
il Í Torn 


ull 


33. The charge on capacitor marked C is 
(1) 3.75 uC (2) 7.5 uC 
(3) 15 pC (4) none of these 
34. The potential of point P is 
(1) 125 Vi (2) 25V 
(3):6.25'V (4) none of these 


Matrix Match Type | 

1. Two identical capacitors are connected in series, and t 
combination is connected with a battery, as shown. Scr: 
changes in capacitor 1 are now made independently after: 
steady state is achieved as listed in column I. Some efix 
that may occur in the new steady state due to these chang: 
on capacitor 2 are listed in column Il. Match the chans 
on capacitor 1 in column I with the corresponding effec 
capacitor 2 in column II. 


Cap 1 Cap 2 


i. A dielectric slab is a. Charge on the 
inserted capacitor increas 
ii. Separation between plates | b. Charge on the 
is increased capacitor decreas? _ 


iii. A metal plate is inserted | c. Energy stored ip 
connecting both plates capacitor increas 


iv. The left plate is grounded | d. No change occut 


e follow" 
pacitat" 


2. Observe the circuit in figure and match th 
(assume q, q,, and q, be the charges on three © 


C,=2 uF Cr=4 HF 
ii C, =6uF 


10 V 20 V 


D, 


as 


potential difference across the | 


25 


"pF capacitor is (in volt) a. F | 
| 


__. identical capacitor plates, 
\ z of area A, are arranged 
c 


| y -L 
: ch that the adjacent plates are = 
r distance d apart. The plates 
| 
are connected to a source of emf oe 
y aş shown in figure. Match the "E 
following. 


yumni 


i. Charge on plate | a. -2€ A Vid 


ii, Charge on plate 4 ac eAVid ~ 


A f neste eget 


iii, Potential difference ©. zero 


between plates 2 and 3 | 


4, A capacitor of capacitance C is charged to a potential 7. 

Now itis connected to a battery of emf £ as shown in figure. 
Based on this information, match the entries of Column | 
with the entries of Column II in the following table. 


c. nonzero thermal energy will be 
dissipated in the circuit 


d. outer surfaces of the plates of 
capacitor have zero charge 


. n 
a ®, the separation between the plates of C, is slowly 


Eat to double of its initial value. Now match the 
“SIN columns | and TL. 


Ci C2 
2 uF 4 uF 


_ 
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6. Match the column. 


The potential difference 
across C, 


b. decreases 
c. increases by a factor 
of 6/5 
d. decreases by a factor 
of 18/25 
i. If breakd 


Own voltage of each 
Capacitor is same, which combi- 


nation can withstand largest 
external voltage. 


u. The potential difference 
across C, 


iii. The energy stored in C, 


iv. The energy stored in C, 


L RNY 


ii. If same charge is supplied, which 
combination acquires largest 
potential difference. 


iii. If same potential difference is 
applied, which combination can 
store maximum charge. 


_iv. Ifcapacitors are identical, which 
combination gives maximum 
equivalent capacitance. 


7. Two identical capacitors A and B are connected to a battery 


of emf € as shown in figure. Now a dielectric slab is inserted 
between the plates of capacitor B while 

battery remains connected. Due to this | P 
insertion, some physical quantities may | _— 
change, which are mentioned in Column I 

and the effect is mentioned in Column II, Œ= 8 

Match the Column I with Column 1.  * 


=a Column | Column II 


iv. Potential difference across B | d. will change 


8. Figure shows three concentric thin spherical shells A, B, and 


C of radii R, 2R, and 3R. The shell B is earthed and 4 and C 
are given charges q and 24, respectively. If the magnitude of 
charge appearing on surfaces 1, 2,3, and 4 are lis 


; 4> q,, and 
q, respectively, then match the following col 
4 


umns. 


Column | 


shown in figure, all capacitors 
were uncharged. The circuit 
now is in steady state. 


Now switch S is closed. During 
the time the steady state is i 


reached again, match the 10oV 2 HE 
following: 

Column Il aa 
Li. Charge on C, a. increases 


——— 


ii. Charge on C, 


| iii. Charge on C, as same č 
iv. Charge on C d. becomes zero- 


10. The circuit involves two ideal cells connected to a | UF 
capacitor via a key K. Initially the key K is in position 1 and 
the capacitor is charged fully by 2 V cell. The key is pushed 
to position 2. Column I gives physical quantities involving 
the circuit after the key K is 

pushed from position 1 to 2. C=1yF 
Column II given corresponding 2V T jy 
results. Match the statements in 
Column I with the 


corresponding values in 
Column II. 


_ Column! 


i The net charge crossing the 4 V cell 
(in C) is 


(inpJ)is 


| iv. The net heat produced in circuit (in uJ) is | d. 16 


Numerical Value Type i 


1. Each capacitance shown in figure is in yF. Find the charge 


on 6 uF in LC. 1 5uF 


1.5pF 


oe te, d potential of +12 V is given to point 4 ~ 


2. In figure 
B is earthed. What 1s the potential at the point Pin ih toh 


4uF 
| 


miii 


3. The capacitance of a capacitor becomes 4/3 times its , 
value if a dielectric slab of thickness t = d/2 is 
between the plates (d is the separation between the 
What is the dielectric constant of the slab? 


Nsert, i 
Plates 


4. A spherical drop of capacitance 12 uF is broken into eight 
of equal radius. What is the capacitance of each small diopi 
uF? 

5. A parallel plate capacitor of capacity C, is charged 1; 
potential V,. Æ, is the energy stored in the capacitor whe 
the battery is disconnected and the plate separation ; 
doubled, and E, is the energy stored in the capacitor wh, 
the charging battery is kept connected and the separatim 
between the capacitor plates is doubled. Find the mj 
BIE. 

6. A capacitor of capacitance C, = 1 pF can withstand: 
maximum voltage of V, = 6 kV, and another capacitor 
capacitance C, = 2 uF can withstand a maximum voltage x 
V, = 4 KV. If they are connected in series, what maximum 
voltage will the system withstand? (in kV) 


7. Find the potential difference between the points M at! 
(in V) of the system shown in figure if the emf is equ!" 
E=110 V and the capacitance ratio C,/C, is 23. 


Ci Cə 
| M | 
| 7 

l i 
| | 
N 
E E 
fu 


8. Find the ratio of the magnitudes of the potential rene 


between the points 4 and B and that between £ ands 
circuit shown in figure. 


| Find the potential difference between 
9. (in V) in the circuit shown in figure. 
| 


Positive plate of an 
Capacitance 10 UF, 
) developed between 


| 19, A charge of 20 UC is placed on the 
| isolated parallel plate capacitor of 
Calculate the potential difference (in V 
the plates. 


, A capacitor with stored energy 4.0 J is connected with an 
identical capacitor with no electric field in between. Find 
the total energy stored (in J) in the two Capacitors. 


, In the circuit shown, all capacitors 


are identical. Initially, the switch is 
open and the capacitor marked C 


is the only one charged to a value ' 

0, After the switch is closed and x 

the equilibrium is reestablished, the 

charge on the capacitor marked C ig i j 


Q. Find the ratio of initial change to ie 
final charge in capacitor Cp 


— 
— 


— 
t 


13. Find the amount by which the total energy stored in the 
capacitor (in uJ) will increase in the circuit shown in the 
figure after switch K is closed. Consider all capacitors are of 
capacitance 3 uF and battery voltage is 10V. 


14. In the circuit shown in figure. Calculate the charge on 3 pF 
capacitor in steady state (in LC) . 


the points 4 andg 


15. 
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Shown in figure. Calculate the charge stored in 
Apacitor in Steady state (in uC). 


me | 


In the circuit show 
lO uF ¢ 


g) 


l a E" 
5 uF 5 uF 


50 V 


16. Find the amount of heat produced (in mJ) in the circuit 


shown in figure when switch is closed (uJ). Each capacitor 
circuit is of capacitance 2 UF. 


LT, | 


17. A parallel plate Capacitor is to be constructed which can 
store q = 10 uC charge at V = 1000 volt. The minimum 
plate area of the capacitor is required to be 4, when space 
between the plates has air. If a dielectric of constant K = 3 
is used between the plates, the minimum plate area required 
to-make such a capacitor is A,. The breakdown field for the 
dielectric is 8 times that of air. Find A/A.. 

18. In the given figure the capacitor circuit continues to infinity. 
The battery connected has e.m.f equal to V. The potential 
difference between points 1 and 2 is V/2, that between 
points 3 and 4 is V/4 and so on; i.e., the potential difference 
becomes 1/2 after every step of the ladder. Find the ratio 


cic. 
Ci l Cı 3 Cı Ci 

CETTE 
j [i =G FQ 


i= =m Oe 


= 


B 


19, In the given circuit diagram, £ = 12 VC, = 4 uF, C, = ? uF., 
C, = 6 pF and C, = 3 pF. Find the heat produced in the 
circuit (in J) after switch S is shorted. 


SR A — 
fa inate: 


JEE 


MAIN 


Single Correct Answer Type 


L. 


A 


- A combination of capacitors is set u 


Two capacitors C, and C, are charged to 120 V and 200 V 
respectively. It is found that by connecting them together 
the potential on each one can be made zero. Then 

Uy 36, =SC, (2) 3C, +5C, =0 

(3) 9C, = 4C, (4) 5C, =3C, 


_ (JEE Main 2013) 


. A parallel plate capacitor is made of two circular plates 


Separated by a distance of 5 mm and with a dielectric of 
dielectric constant 2.2 between them. When the electric field 


in the dielectric is 3 x 10* V/m, the charge density of the 
positive plate will be close to 


(1) 3 x 10° C/m? (2) 6 x 10* C/m? 
(3) 6 x 107 C/m? (4) 3 x 107 C/m? 


(JEE Main 2014) 


- In the given circuit, charge Q, on the 2 uF capacitor changes 


as C is varied from 1 pF to 3 uF. Q, as a function of ‘C’ is 
given properly by: (figures are drawn schematically and are 


not to. scale) | 
| B l pF 
C | 
2 uF 
E 


(JEE Main 2015) 


p as shown in the figure. 
The magnitude of the electric field, due to a point charge Q 


(having a charge equal to the sum of the charges on the 4 LIF 
and 9 uF capacitors), at a point distant 30 m from it, would 


equal 
(1) 240 N/C (2) 360 N/C 
N/C (4) 480 N/C 
laa (JEE Main 2016) 


Es 


Archives ah 


5. A capacitance of 2 uF is required in an electrica 
across a potential difference of 1.0 kV, A large nin 
| uF capacitors are available which can Withstand . 


difference of not more than 300 V. The minimum ti hy 
capacitors required to achieve this is bery 
(1) 24 (2) 32 

(3) 2 (4) 16 (JEE Ma 


a e 


6. A parallel plate capacitor of capacitance 90 pF is ¢ 
to a battery of emf 20 V. If a dielectric material of 
constant K = 5/3 is inserted between the p 


lates, y 
magnitude of the induced charge will be SS, tk 
(1) 0.9 nC (2) 1.2 nC 
(3) 0.3 nC 


(4)24nC (JEE Main 2, 
JEE ADVANCED 
Single Correct Answer Type 


1. A 2 uF capacitor is charged as shown in the figure. Te 


percentage of its stored energy dissipated after switch f; 
turned to position 2 is 


Li 
A 2 uF | 8 uF| 
| | | 


V 


(1) 0% 


(2) 20% 

(3) 75% (4) 80% 

(IIT-JEE 2! 

2. In the given circuit, a charge of s0uc) 

+80 UC is given to the upper ey": 
plate of the 4 uF capacitor. Then a 
in the steady state, the charge on | L 
the upper plate of the 3 uF ZF = T 
capacitor is 
(1) +32 uC (2) +40 uC = 
(3) +48 uC (4) +80 uC — 

(UT-JEE*" 


- A parallel plate capacitor having plates of area 5 n f 
; f S : , yolece* 
separation d, has capacitance C _ in air, When two die p 
of different relative permittivities (£, = 2 and £, p. 
introduced between the two plates as shown In ial 
| . on 
the capacitance becomes C.. The ratio = is 
E l 


d/2 
a s 


yutti 


1. 


~ 


i D ee 
1) 6/5 CA ee 


ee S ee 


(4) 7/3 


(JEE Advanceg 2015) 
ple Correct Answers Type 


In the circuit shown in the figure, th sis ke 
capacitors each of capacitance C, T 
frst to fully charge the 
capacitor C, and then 
released. The switch S is then 
pressed tO charge the 
capacitor C,. After some time, 


* Sg 
1@) 
ZF = E 
sis released and then S is 

ressed. After some time, 


(1) the charge on the upper plate of Cis 2CV, 
(2) the charge on the upper plate of C is C V 
(3) the charge on the upper plate of C is 0 

(4) the charge on the upper plate of C, is -C V 


(IIT-JEE 2013) 
A parallel plate capacitor has a dielectric slab of dielectric 
constant K between its plates that covers 1/3 of the area of 
its plates, as shown in the figure. The total Capacitance of 
the capacitor is C while that of the portion with dielectric in 
between is C,. When the capacitor is charged, the plate area 
covered by the dielectric gets charge Q, and the rest of the 
area gets charge O,. The electric field in the dielectric is E, 
and that in the other portion is E.. Choose the correct option/ 
options, ignoring edge effects. 


two parallel plat 
he switch § ig mae 
| 18 Pressed 
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| 


Pa | E) 
E 
Il) = = E 
Da ! (2) b= 
E, K 
3) 23 (4) © 24K 
Q, K A 


(JEE Advanced 2014) 
Numerical Value Type 


1. Three identical capacitors C,, C, and C, have a capacitance 
of 1.0 uF each and they are uncharged initially. They 
are connected in a circuit as shown in the figure and C 
is then filled completely with a dielectric material of 
relative permittivity € . The cell electromotive force (emf ) 
V, = 8V. First the switch S, is closed while the switch S. 
is kept open. When the capacitor C, is fully charged, 5 
is opened and S, is closed simultaneously. When all the 
‘Capacitors reach equilibrium, the charge on C, is found to 
be 5 uC. The value of € . l 


| | 

yo | 

| gies 
reat! 


(JEE Advanced 2018) 


Answers Key 


Multiple Correct Answers Type 


“Ess 
| “gle Correct Answer Type 
| ha) 2. (1) 3. (3) 4. (2) ak 
FR ey 8. (4) 9. (3) ia 
ko 2B) 1.6) 140) 20. (3) 
nd G 18O AA 25. (2) 
KÒ 220 2B 24A 30. (3) 
AD AY B2 290) 38. (1) 
KO 326) 33.a) 34 2) 40.0) 
aO 376) 38. (2) 39. (3) 45. (3) 
46 n 42. (4) 43. (4) 44. (2) 50. (1) 
Sy FO 48D DO 
36. (3) 52. (4) 53. (2) 9. (1) 60. (1) 
yy 57.4) 58. (2) a 65. (1) 
6.0) 62. (4) 63. (2) 6 (3) 70. (1) 
Ney TA 68.3) 9 75. (3) 
72.(1) 73. (1) 74. (2) 


1. (2),(3),(4) 2. CONS) a fa 
4, (1),(3),(4) §,.(1),(2)6) (MG 
l 8. (1),(3),(4) 9. (LSA) 
7. (2),3) 7 | 4), ay 
10. (1),(2),(4) I. (1),(-) Z UES) 
aL). 1),(3) WS. DONG 
13. (1),(4) 14. (1), 
TON, DH IS. (DH 
3) 17. (D. l 
Hita ? PL CLG 23) 
19 (1),(3),(4) 20. (DAH ; N 
22 (1).0) 23. (D2) 24, (142) 
25. (2),(3)(4) 
Linked Comprehension Type 7 
4, (2) 5.(1) 
2 (4 3, (3) 
1. (2) cei 8. (4) 9. (4) eae 
oe 12. (3) 13. (1) 14. (4) 15. (2) 
11. (2) 17.2) 18. (D 19. (2) 20) 
16, (°) 22. (2) 23. (4) 24. (4) — 
21.(1) 27. (2) 28. (3) 29. (4) 30. (4) 
31. (4) : 
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Matrix Match Type 
1. i. > a., C.5 ii. > b.; iii., — a., c.; iv. — d. ARCHIVES 
2. i. b.; ii. > c.; iii. — a.; iv. > d. JEE Main 
3. i. > b.; ii. > a.; iii. > d.: iv. > c. 
4. i. > b., d.; ii. — a., c., ds iii. — a., c., dj iv. — a., €., d. SNE COnenine we 
5. i. > a., C.; ii. > b.; iii. > b., d.; iv. > b. 1. (1) 2. (3) ae?) 48) 
6. i. > d; ii. > d.; iii. > as iv. > a.; 6. (2) a 
7.i. > a., d.; ii. > b., d.; iii. — b., d.; iv —> b., d. 
JEE Advanced 


8.1. > a.; ii. > b.; iii. > b.; iv. > c. 


9, i. é .. z eee a . H 
i. > c.; ii. 3 a.; iii. 3 b.: iv. > b. Single Correct Answer Type 


10. i. > a.; ii. > c.; iii. + b.; iv. > a. 1. (4) 2. (3) 3. (4) 
Numerical Value Type Multiple Correct Answers Type 
1. (4) 2. (4) 3. (2) 4. (6) 5. (4) 1. ( 
.(2),(4) 2. (1),(4) 
k ©) 1: (22) 8. (5) 9. (10) 10. (1) N . 
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INTRODUCTION 


In electrostatics, we discussed the electric phenomena of charges 
at rest. In the previous chapter, we treated the concept of electric 
potential, which is measured in volt. Here we will find that 
voltage acts like an “electrical pressure” that can produce a flow 


of charge or current, which is measured in ampere (or simply, 
amp and abbreviated as A) and that the resistance that restrains 
this flow is measured in ohm (Q). 


ELECTRIC CURRENT 


An isolated metallic conductor, say a wire, contains a few 
electrons moving at random with high speeds. These are called 
conduction electrons. The rate at which these electrons pass from 
left to right through an area in a wire is the same as the rate at 
which they pass from right to left through the same area, i.e., net 


© p 
© 
O 


)? I 
Charges in motion through an area A. The time rate at which a charge 
flows through the area is defined as the current I. The direction of the 
current is the direction in which positive charges flow when free to do so. 
To define current mathematically, suppose that the charged 
particles are moving perpendicular to a surface of area A as 
shown in figure (this area could be the cross-sectional area of 
a wire, for example). The current is defined as the rate at which 
electric charge flows through this surface. If AQ is the amount 
of charge that passes through this area in time interval Aż, then 
the average current, / |, over this time interval through this area 
is the ratio of the charge to the time interval, i.e., 
_ AQ 
rP sci) 
Itis possible for the rate at which the charge flows to vary with 


time. We define the instantaneous current I as the limit of the 
Preceding expression as At tends to zero, i.e., 
T= lim 42 _ 2 
A0 Af dt 
We can also write 


40 = Idt or Q= Í lat 


avg 


(11) 


From Eq. (ii), total charge flowing in a time interval can be found. 


a 


Important Points: 


e The particles flowing through a surface can be charged 
positively or negatively, or we can have two or more types 
of particles moving, with charges of both the signs in the 
flow. Conventionally, we define the direction of the current 
as the direction of flow of positive charges. 

e In a common conductor such as copper, the current is in 
physical state due to the motion of the negatively charged 
electrons. Therefore, when we speak of current in such a 
conductor, the direction of the current is opposite to the 
direction of flow of electrons. 


e On the other hand, if one considers a beam of positively 
charged protons in a particle accelerator, then the current is _ 
in the direction of the motion of the protons. 

e In some cases, gases and electrolytes, for example, the 


current is the result of the flow of both positive and negative 
charges. 


e Itis common to refer to a moving charged particle (whether 
it is positive or negative) as a mobile charge carrier. For 
example, the charge carriers in a metal are electrons. 


When a wire is connected to a battery, an electric field is set up 
at every point within the wire. This field exerts a force on each 
conduction electron. Although the electrons are continuously 
accelerated by the field, due to their frequent collisions with the 
atoms of the wire, they simply drift at a small constant speed 
in the direction opposite to the field. Thus, there is a net flow 
of charge in the wire at a small rate. The total charge passing 
through any cross section per second is the electric current in 
the wire. 

In the steady state, current through each section of the 


conducting loop would be same, no matter what is the location 
or orientation of the area of that section. 


Unit of Electric Current 
In SI system, the unit of current is ampere (A). 
“The current is said to be 1 A when 1 C of charge flows past 
any cross section of a conductor every second .” 
STATEMENT OF OHM’S LAW 


“The electric current in any conductor is proportional to the 


potential difference between its ends, other factors remaining 
constant.” 


The ratio of the potential difference to current is termed as the 
resistance of the conductor. Accordingly, 


V 
kanay =R 


where J is the current, V is the potential difference, and R is 
the resistance. The resistance of the conductor is the opposition 
offered by the conductor to the flow of electric current passing 
through it. The resistance R not only depends on the material of 
the conductor but also on the dimensions of the conductor. 

The resistance of an ohmic conducting wire is found to be 
proportional to its length / and inversely proportional to its 
cross-sectional area A, 1.¢., 

jep Gii 

A 

where the constant of proportionality p is called the resistivity of 
the material, which has the unit ohm meter (Qm). To understand 
the relationship between resistance and resistivity, we should 
know that p depends on the properties of the material and on 
temperature. On the other hand, the resistance R of a particular 
conductor depends on its size and shape as well as on the 
resistivity of the material. 

The inverse of resistivity is 
the resistance of an ohmic con 
of its conductivity as 


defined as conductivity O. Hence, 
ductor can be expressed in terms 


l l 
=——, where o=— 

oA p 
Resistivity is a property of a 
substance, whereas resistance is a property of an object. We have 
seen similar pairs of variables before. For example, density isa 
property of a substance, whereas mass is a property of an object. 
Equation (iii) relates resistance to resistivity. 


Resistance and resistivity: 


Si Unit of Resistance 


The unit of resistance is ohm (Q). 
“The resistance of a conductor is said to be 1 Q if a current 
of 1 A flows through it when the potential difference. across its 


ends is 1 V.” 
DEPENDENCE OF RESISTANCE ON VARIOUS FACTORS 
We have 
| 
R=p— 
P7 


Therefore, the relation of resistance with length and area of 
cross section will be as follows: 
Rœ land R œ 1/A, which gives R œ I/A. 


CHANGE IN RESISTANCE 


On stretching a wire keeping volume (V) constant 
If the length of wire is changed, 


MLE NE 
Al V 
or Re«P 
Hence, 
RK 
R, b 
If the radius of cross section is changed 
LA V 
ig See Be 
4 4 A A’ 


If the radius of the wire is r, 


Hence, 
4 
R ô 
T 4 
R ñ 


where R, and R, are initial and final resistances, / m 
initial and final lengths, and r, and r, are initial and final ate 
respectively. Tad 


Effect of percentage change in length of wire 


P 2 
P ma 
e Plito) 


R, l? 
where / is the original length and x is the percentage incre, 
in length. If x is quite small (say < 5%), then percentage dar, 
Be 


in resistance is 


Ifa wire is stretched to double its length, find the new resistance 
if the original resistance of the wire was R. 


P We know that 
ga 
A 
Let new resistance be 
Rae 
A 


asami. 


By conservation principle, volume of the wire remains co 
So AV = AL if I’ = 21, then A’ = A/2. Thus 
R'= pa =4 or 
A/2 


Pl aR 
A 


The wire is stretched to increase the length by 1%. Find © 


percentage change in the resistance. 
TENNI 5 EA 
» As we known that, for constant volume R œ Fs 


AR. 2 
AR 9 = Bm = 2x 1% = 2% 


R aa WH 
> bie ey ~ açisi Wee 
As percentage change is positive, hence resista! 


increase by 2%. 


The voltage-current graphs for two 
resistors of the same material and the 
same radius with lengths, L, and Z, are 
shown in figure. If L, > L,, state with 
reason which of these graphs represents 
voltage-current change for L. 


USGND As R, = V/I and R, = V/I 


then A œ rf and R œ [ja ~~ 


, a A a 


| 


h K 


from figure, as 1;> 1p Rg” Ry. Since, R œ L, graph B represents 


} yoltage-current change for L,. 
the 


low cylinder of length /, has inner and outer radius a and 
A ho ectively. If the resistivity of material of the cylinder is D. 
nere the resistance of the cylinder. 


M ye —— ] —— N 


(i) across its ends (across M and N) 
(ii) across its inner and outer surface (across P and Q) 


(i) Resistance across the ends of the cylinder (across M and N) 


l o, 
Resistance R = ; here 4 = 7(b? — a’) 


pl 
Hence Ryn =—————— 
ee Oe eh? — a) 
(ii) If we calculate the resistance across P and Q, we need to 


apply potential difference across inner and outer surface. 
It means the current will flow in radial direction. Here we 
can consider the cylinder is made of a number of elemental 
cylinders placed coaxially. Let us consider an elemental 
cylinder of radius r and thickness dr. 


The resistance of this elemental cylinder, 


dR- P-Y (i) 
Here A= 2nrl (11) 
From (i) and (ii) dR = 2” 

2rrl 
Hence R= far p 
” 2rrl 


b 
or R = ES dr = P In b 
2rl sr 2nl a 
Dicer ee 
CURRENT DENSITY 
sent density at a point is defined as the amount of current 
wing per unit area around that point, provided the area is 


normal to the direction of current. It is denoted by J. So we can 
write J=1/A, where / is current and A is area. The unit of current 
density is Am. 

Current density is a vector quantity. So it must have direction 
also. Its direction at a point is the direction of motion of the 
positive charge or direction of current at that point. 

Average current density: Let through an area 
AA around a point P, a current Ai is passing 
normal to the area. Then the average current 
density over the area is given by d y SAIBA. 
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Current density at a point: Now suppose we want to find current 
density at point P in the preceding figure. Take an infinitesimally 
small area dA around point P. Let the current through this small 
area be di. Then the current density at point P is given by 
J =dijdå. 

Current not perpendicular to 
area: Here we divide the current 
by the component of area in the 
direction of the current. Hence, the 
average current density is given by 


Ai 
J. =———— 
AAcos@ 
We can also write 


Ai=J,,AAcos@ =J, AA 


Current density at P: Take an infinitesimally small area dA around 
point P. Let the current through this small area be di. Then the 


current density at point P is given by J = di/(dA cos@). 
We can also write, 


> > > > 
di = Jddcos@ = J -dA or i= J -dA 


Note: While electric current is a scalar quantity, electric current 
density is a vector quantity. 


In case of conductors, 


I V EL 
A RA (pLIAA p 
or J=oEF 


e Current density 


direction of curre 
field. 


is proportional to electric field, and 
nt density is the same as that of electric 


If electric field is uniform (i.e 
will be constant. 


If electric field is zero ( 
conductor), current density 


» Constant), current density 


as in electrostatics inside a 
and hence current will be zero. 
i a 
Important Points: 


e Ifthe current has not reach 
of charge is not constant, th 
cross sections at a particu 
values, 


ed a steady state, i.e., the flow 
en the current through different 
lar instant may have different 


etail, current densi = 
introduced. nsity vector J is 


5.4 Electrostatics and Current Electricity m — 


us how charge flows at a certain 
bout the direction of the 
t describes how charge 


e Current density, 7, tells 
point and its direction tells us a 
flow of charge at that point. Curren 
flows through an extended object. 


Sat a 


: 
b' d' 
Current through all sections would be same in steady state 
e The direction of current density is the same as that of the 
velocity of positive charge or opposite to the direction of 
the velocity of negative charge. 
e Current density can be represented by a similar set of lines 
known as stream lines. The spacing of the stream lines 
suggests the value of current density. Narrower stream 
lines mean more current density, and spaced stream lines 
mean less current density (figure). 


A conductor having nonuniform cross section 


In a hydrogen discharge tube, the number of protons drifting 
across a cross section per second is 1.0 x 10'%, while the 
number of electrons drifting in the opposite direction across 
the same cross section is 2.7 x 101° per second. Find the current 


flowing in the tube. 


m=dxXV=8.9 x 10° x 8.6 x 107 
= 7.654 x 10”? kg = 7.654 g 


Consider a wire of length /, area of cross section 4 

resistivity p with resistance 10 Q. Its length is incrBages 
applying a force, and it becomes four times of its ori b 
value. Find the changed resistance of the wire. Bina 


Sol. Here i, = L, A =a, and R = 10 Q. Similarly, L,=4landp p 
Resistivity is same in each case as the material is same “4 
volume of the wire will remain the same even after the incre, 

e 


in the length. 
rI Al, _ Al A 
Al, =A,/, or r mi 
The formula used for measuring resistance of wire is R= pills 
Using this formula in both cases, we have . 


lL pl 
R = Pa = A wall) 
l 4] 6 l 


D aroa E 
and R =P P A4 l P „fii 


Dividing Eq. (ii) by Eq. (i), 


*s = 16 or R, = 160 Q 


1 


A wire of mass m, length /, density d, and area of cross section 
A is stretched in such a way that its length increases by 10a 
its original value. Express the changed resistance in percenlags 
Given mass m, length /, = /, density d, and area of cross 


section 4, = A. Let p be the resistivity and R, be the resistant 
of the wire. Mass of wire m = volume x density = 4/xd=44 


Therefore, area of cross section is 4, =m/Id, and the resis@a* 


‘Sel As electrons and protons are moving in the opposite 
of the wire is 


directions, they will effectively produce current in the same 
direction and the total current in the tube is ] Pd (pd). , i 
I=(n_+n jelt R=p+=p-( Je =ë ` 
p e A, m 
= (1.0 x 10!8 + 2.7 x 10!) x 1.6 x 1071/1 
=3.7%1.6%*10'A=0.592A 


You need to produce a set of cylindrical copper wires 2.5 m long 
that will have a resistance of 0.125 Q each. What will be the mass 
of each of these wires? (Density of copper is 8.9 x 10° kgm™ 
and resistivity of copper is 1.72 x 10% Qm). 


USGI Given that L = 2.5 m and R = 0.125 Q. To find the mass or «OR. = 121R,=R, +021R 
of each wire, we need to calculate the volume of one of the wires. Š ; ! ! 
or i &, =0.21 R, 


Mass = Density x Volume : . ; 
Yy F ; Hence, the percentage change in the resistance IS 
k EAT Aa ER 
A 


m j 


Let /, be the new length, then 
,= ped euL 
i 100 


Let R, be the resistance of the wire after stretching, and (i! 
R, == ki? : 


Dividing Eq. (ii) by Eq. (i), we have = = = =— p 
I l 


R =R 
R ee =21% 


Volume = Area x Length 


_ PË _1.72x10* x(2.5)/ 
R 0.125 


Volume = = 8.6 x 107 m? 


A uniform copper wire of mass 2.23 x 107 kg carries a current 
f1 A when 1.7 V is applied across it. Calculate the length 
4 d the area of cross section. If the wire is uniformly stretched 
# double its length, calculate the new resistance. Density of 
copper is 8.92 x 10° kgm” and resistivity is 1.7 x 108 Q m. 


Soll? As m = volume X density = (Lx S) x d, 

(as volume = L x S) 
m 2.23x10° 1 ap 
= a ee en O saa 
LXS" 7 892x104 ©) 


And as V= IR, l.e., 


R=% == a170 fii) 
But by definition, 
R=p (L/S) 
ef 
or LR mit (111) 
ç p 17x10 


Solving Eqs. (i) and (iii) for L and S, we get L = 5m and 
S=5x 10% m’. When the wire is stretched uniformly to double 
its length, the volume will remain unchanged, i.e., 

SL=S (2L) of S =S2 
Hence, the new resistance will be 


At) ag | 4 4x 7-680 
(S/2) "Ss 


R’=p 


A cylindrical wire has length / and area of cross section A. 
The conductivity of wire material changes with distance 


from left end as g = ae , where 0, is 
x 


a 
4 constant. Calculate electric field inside Joo 
the conductor as a function of x, when a 
battery of emf V is connected across its | /-—~—> 

ends. 


‘Sol Let us calculate the resistance of the cylindrical conductor. 


Here, we can consider the cylinder to be made of a number o 
felemental discs, Resistance of 


in dx 
€ such elemental disc (shown in ¢——_ e 
figure) will be ; i 
dR- 2 _ xd +) OO 
oA Aol ou 


Hence, total resistance of the cylindrical wire 


27 


R= [dR = l ieee | oe 
Ala; § Alo,| 2 |, 240 


Current through the wire, 7 -< = ae 


Current density, j = ar 
A l 
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Using ohm’s law in microscopic form, 


COLOUR CODING AND TOLERANCES FOR RESISTANCES 


In electrical and electronic circuits, carbon resistors with a wide 
range of values are extensively used. To indicate the resistance 
value and its percentage reliability, a colour code is used. The 
resistor has a set of coloured concentric rings A, B, C and D on it 
with their significant indicated in table. 


First Second Number 
digit digit of zeros 


‘A’ denotes the first digit (i.e., the first significant figure), 
‘B’ denotes the second digit (i.e., the second significant figure), 
‘C denotes the number of zeros (or power of ten) by which the 
above two significant figures are to be multiplied. ‘D’ denotes 
the tolerance limits (i.e., the error in the value of the resistance). 


Strip Strip D 
C Tolerance 
Multiplier (%) 


x 
—" 


x 
— 
R 
N 


1 
| 
<I | 
yellow x10" 
green x10° 0.5 


x106 0.25 


pagans 
x 
SIS 
© |j 
— 
b, 


= 
B, 
= 
© 


+10 


+20 


5 
© 
=] 
© 


Example: If A is green, B is violet, C is orange and D is silver 
resistance is (57000 + 10%) Q. 


Example: If A is yellow, B is red, C 


4 is orange < i 
resistance is (42000 + 5%) Q. orange and D is gold, 


Draw a colour code for 42 kQ+ | 0% carbon resistance. 


| Sol, A y oria , z 

for digit 2 it ane rout Code colour for digit 4 is yellow 
e » tOr col j ; á 

represented by silver our Is orange and 10% tolerance is 


col 
red, orange and silver. our. So colour code should be yellow, 


a + ae 


5.6 Electrostatics and Current Electricity 
What is resistance of following resistor. 
Violet Gold 


Yellow Brown 


“Sol. Number for yellow is 4, Number of violet is 7 

Brown colour gives multiplier 10', Gold gives a tolerance of 
+5% ` 

So resistance of resistor is 


AT x10' Qt 5S%= 4704 S%Q. 


A voltage of 30 V is applied across a colour coded carbon 
resistor with first, second and third rings of blue, black and 
yellow colours. What is the current flowing through the 
resistor? . 


“Sol. First significant figure = 6, second significant figure = 0, 
number of zeros to be attached = 4 
Thus. R = 60,000 = 60x10*Q (blue : 6, black : 0, yellow : 4) 


As V=30 V, fet. a 


-aaa n 
x 


CONCEPT APPLICATION EXERCISE 5.1 


1. How many electrons per second pass through a section of 
wire carrying a current of 0.7 A? 

2. A current of 7.5 A is maintained in a wire for 45 s. In this 
time (a) how much charge and (b) how many electrons 
flow through the wire? 

3. If 0.6 mol of electrons flows through a wire in 45 min, 
what are (a) the total charge that passes through the wire 
and (b) the magnitude of the current? 

4. The current in a wire varies with time according to 
the equation i = 4 + 2t, where i is in ampere and ¢ is in 

| second. Calculate the quantity of charge that passes 
through a cross section of the wire during the time = 2 s 
tot=6s. 

5. A wire has a resistance R. What will be its resistance if 
(a) it is double on itself and (b) it is stretched so that 
(i) its length is doubled and (ii) its radius is halved. 

6. Ifa copper wire is stretched to make it 0.1% longer, what 
is the percentage change in its resistance? 


8. Figure shows a conductor of length / having a cin, 


cross section. 


l 


The radius of cross section varies linearly from a to b 


resistivity of the material is p. Assuming that b-q hy | 


find the resistance of the conductor. 


9. The space between the plates of a parallel plate capacity | 


is completely filled with a material of resistiyj 
2 x 10!! Qm and dielectric constant 6. Capacity Of the 
capacitor with the given dielectric medium between the 
plates is 20 nF. Find the leakage current if a potenti 
difference 2500 V is applied across the capacitor, 


10. A uniform copper wire of mass 2.23 x 10° kg carries a 


current of 1 A when 1.7 V is applied across it. Calculate it; 
length and area of cross section. If the wire is uniformly 
stretched to double its length, calculate the new resistance 
Density of copper is 8.92 x 10° kgm” and resistivity iş 
1.7 x 10° Om. 

11. A hollow metallic sphere has inner radius a, outer radius 
b and resistivity p. If a potential difference V is applied 
between the inner and outer surface. Find the 

(i) resistance between inner and outer surface 

(ii) total current 
(iii) current density in function of radial distance J=f (r) 
(iv) electric field in function of radial distance £ = f(r) 

12. A conducting sphere of radius r is surrounded by 2 
poorly conducting material of inner radius a and outer 
radius b whose resistivity p varies with P = Po” `. Find 
the resistance between the sphere and the outer surface of 
surrounding conducting material. 


ANSWERS = — 


2. (a) 337.5 C (b) 2.1 x 10 
4. 48C 


1.0.44 x 10° 
3. (a) 5.78 x 107 C (b) 21.4 A 


5. (a) R (b) (1) 4R (ii) 16R 6. 0.2% 7. “> 


g. 2L 
mab 
11. (i) 2 (=) pay SO _caen 
4r \ ab p(b-a) 
2. p,(b° —a’) 
870 


9.4.7 uA 10. 5m, 5 x 10% m’, 6.8 Q 
(iv) (bar 


eae 
p(b- ajr 


1 


7. The current density across a cylindrical conductor of 
radius R varies in magnitude according to the equation 


r : rt 
i= Jy (1-7) where r is the distance from the central 


axis. Thus, the current density is a maximum J, at that axis 
(r = 0) and decreases linearly to zero at the surface (r = R). 
Calculate the current in terms of J, and the conductor’s 
cross-sectional area A = 7R’. 


DRIFT VELOCITY e 
essur? 


Under the normal conditions of temperature and pr otio® 
without the influence of any external electrostatic field, the ™ 
of free electrons in a conductor is due to the thermal mP 

Now, when this conductor is placed in an external eu vin’ 
free electrons start experiencing electric force and start i 
under the influence of this force (see figure). However z 


p. 


| 


| 


re free to move, they are not able to move in a straight line 
e they encounter other electrons, ions, atoms, or molecules 
y (see figure). Hence, they experience collisions after 


ey a 
pecaus 


isio! haia 
oor extern field. The drifting of these free electrons over some 
this 


riod of time is called drift velocity. 
p i 


e Net displacement 
Typical electron trajectory, 
E=0 E=0 
(a) (b) 


Typical electron trajectory, 


RELATION BETWEEN DRIFT VELOCITY AND CURRENT 


Let 4 be the area of cross section of the conductor, e be the charge 
on each electron, v be the drift velocity, n be the number of free 
electrons per unit volume, and J be the current, then the total 
number of electrons between cross sections P and Q, which are 
v, distance apart is (volume between P and Q) xn = AV ,n=nAv, 
Therefore, the total charge in this volume is nAV,e = neAV,. 


Now, the electron which is present at cross section Q will reach 
“Toss section P after 1/sec because P and Q are so selected that 
the distance between them is v P which is the drift speed of the 
electron, Therefore, nedv is the charge that will pass through 
oss section at P (where P can be any point on the conductor). 

ence, this is the electric current that flows through the conductor 
(See figure). 


,s but are able to drift in a particular direction because of 
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A is the cross section of conductor. Therefore, / = neAv,. 
Accordingly current density is J= J/A_ = nev,. 

The equation / = nev , can be written in vector form as follows: 
J =nq V» Where q is the charge of the charge carrier and v} is 
the average drift velocity. This equation is correct for both the 
signs of q. If q > 0, V; is in the direction of electric field £ , and 
J is in the direction of E . If g < 0 (q = — e for electrons), as it 
is in metallic conductor, V, is opposite to E , and J = —nev, 
continues to be in the direction of £ . 


A copper wire has a square cross section of 6 mm on aside. The 
wire is 10 m long and carries a current of 3.6 A. The density of 
free electrons is 8.5 x 1078/m?. Find the magnitude of (a) the 
current density in the wire; (b) the electric field in the wire. 
(c) How much time is required for an electron to travel the 
length of the wire? (p, electrical resistivity, is 1.72 x 10* Qm.) 


> Given r = 6 mm, /= 10 m, Z= 3.6 A, n = 8.5 x 10°/m’. 
(a) To find the current density, formula used should be 


3.6 3.6 


J=]A = —— s = ——__ 
(6x10°) 36x10% 


=10° Am“ 


(b) Electric field is 

E=pJ = 1.72 * 10" % 10 =1.72 x 10° Vm 
(c) Time taken is 
i _lnedA 


Vi I 


i= 


_ 10x85x10" x 1.6107 x (6x 107 
3.6 
=1.36X10° s 


Consider a wire of length 0.1 m with an area of cross section 


1 mm? connected to 5 V., Find the current flowing through the 
metallic wire where u= 5 x 10° m? V's e= 16x 10°. 
and n = 8 x 1038 m>, 


IBID Given 4 = 1 mm? = 10 m, /= 0.1 m, V=5 V. 


Due to the applied potential difference across the wire, an 
electric field is set up in the conductor. So 


i 


AEE 
Poor 


The current flowing through the wire is given by 
læn Aev =n AeuE 


i [where, u =v,/E] 
=8% 10* 


x 10° x 1.6 10719 x 5 x 10°x 50=3.2A 


=e ey > Va 


(a) Estimate the average drift speed of conduction electrons 
in a copper wire of cross-sectional area 1.0 x 10-7 m? 
-carrying a current of 1.5 A. Assume that each copper atom 
contributes roughly one conduction electron. The density 
of copper is 9.0 x 10° kgm”, and its atomic mass is 63.5 u. 
(b) Compare the drift speed obtained with the speed of 
propagation of electric field along the conductor, which 
causes the drift motion. 
| 
(a) The direction of drift velocity of conduction electrons is 
opposite to the electric field direction, i.e., the electrons 
drift in the direction of increasing potential. The drift speed 
vis given by v, = (I/neA). 
Now, e = 1.6 x 107°C, A = 1.0 x 10-7 m’, J = 1.5A, the 
density of n conduction electrons is equal to the number of 
atoms per cubic meter (assuming one conduction electron 
per Cu atom is reasonable from its valence electron count 
of one). Acubic meter of copper has a mass of 9.0 x 10° kg. 
Since 6.0 x 1023 copper atoms have a mass of 63.5 g, 


_ 6.0x 10”° 


63.5 
which gives 


n x9.0x10° =8.5x10” 

vY LS 

d ~ g 5x10 x1.6x10 x1.0x1077 
= 1.1 x 10% ms”! = 1.1 mms! 


(b) An electric field traveling along the conductor has a speed 
of an electromagnetic wave, i.e., equal to 3.0 x 108 ms 
The drift speed is, in comparison, extremely small, smaller 
by a factor of 107". 


Find the approximate total distance traveled by an electron in 
the time interval in which its displacement is one meter along 
the wire. 


So Time taken to travel length of the wire is 
_ displacement _ ES 
~ drift velocity V; 
So V,=1 mms” = 10° ms” (normally the value of drift 


velocity is 1 mms") 
and S=1m 
B l y 
107 
As distance travelled = speed x time, so speed = 10° ms | (The 
mm se an electron between two successive collision is around 
ms‘). So required distance is 10° x 10? m = 10? m, 


Find t inc 
ge eins linear momentum of the electrons in a conductor 
ength /= 1000 m carrying a current j = 70 A. 


SoL. Linear momentum of electrons is 


P = (nmA Iv, 
(i) 


where n is the density of electrons, and v, is the drift 


We know, Velocity, 


i 
Vd = 
neA 
Then linear momentum is 


“(i 


i il 
p= naim( ; j= = 0.4 x 10 Ns 


neA 


How much time will be taken by an electron to move aq; 
/= 1 km ina copper wire of cross section A = | mm? if jt Kg 
a current [= 4.5 A? AtTies 


I) Time taken by electron to travel in copper wire is 


J 
where v,=-— 
ne 


where J = i/A 


v i= 
J/ne 


Hence, 
neAl 


i 


28 —19 —6 
_ 10°° x 1.6 x10 X10°x10° _ 3 19% 


4.5 


Current is flowing from a 
conductor of nonuniform cross- 

sectional area. If A, > 4,, then find 

relation between 

(a) i, andi, 

(b) j; andj, 

(c) (v,), and (vo) (drift velocity) 
where / is current, j is current 
density, and V is drift velocity. 


(a) The charge flowing through a cross section per ut 
the current. So, 7, = /). - 

(b) Current density is J = i/A. As 4, > A, then J i é 

(c) We know j = nev; So drift velocity is v, =J/"*"’ SJ 


then (v,), < (viz 


nme ? 


the conduct" i! 


electrons are free to move throughout a ff 
absence of an electric field, the free electrons MO 6 ms ie 
directions with average speeds of the order 0 cof 
situation is similar to the motion of the gas E i 


in a vessel that we studied in kinetic theory ° 
conduction electrons in a metal are often calle 


Conduction electrons are not totally free because they are 
fined to the interior of the conductor and undergo frequent 
ea with the array of atoms. The collisions are the 
a aint mechanism contributing to the resistivity of a 
val at normal temperatures. Note that there is no current in a 
t ductor in the absence of an electric field because the average 
yat of the free electrons is zero. On an average, just as many 
'Jectrons move in one direction as in the opposite direction, so 
there is no net flow of charge. 

However, the situation is modified, when an electric field is 
applied to the metal. In addition to the random thermal motion, 
the free electrons drift slowly in a direction opposite to that of 
the electric field, with an average drift speed of v,, which is 
much less (typically 10™* ms~') than the average speed between 
collisions (typically 10° ms“). 

In our structural model, we shall assume that the excess kinetic 
energy acquired by the electrons in the electric field is lost to the 
conductor in the collision process. The energy given up to the 
atoms in the collisions increases the total vibrational energy of 
the atoms, causing the conductor to warm up. The model also 
assumes that an electron’s motion after a collision is independent 
of its motion before the collision. 

On the basis of our model, we now take the first step toward 
obtaining an expression of the drift speed. Let a mobile charged 


particle of mass m and charge q is subjected to an electric field 
E. For electrons in a metal, F =e£, The motion of the electron 


can be determined from Newton’s second law, YF =m,a. The 
acceleration of the electron is 


_ DF F -eé | 
a= =— = vel) 
m m m, 


The acceleration, which occurs only for a short time interval 
between collisions, changes the velocity of the electron. Because 
the force is constant, the acceleration is constant, and we can 
model the electron as a particle under constant acceleration. If V 
is the velocity of the electron just after a collision, at which we 
define the time as = 0, the velocity of the electron at time ¢ is 


V=V,+at=¥,-—1t v«i(H) 


The motion of the electron through the metal is characterized 
by a very large number of collisions per second. Consequently, 
we Consider the average value of Y over a time interval compared 
with the time interval between collisions, which gives us the drift 
Velocity ¥,. Because the velocity of the electron after a collision 
'S assumed to be independent of its velocity before the collision, 
the initial velocities are randomly distributed in direction, so 
that the average value of ¥, is zero. In the second term 
on the right of Eq. (ii), the charge, electric field, and mass 
are all constant. Therefore, the only factor affected by the 
averaging process is the time 4. The average value of this term 
is (-eE /m is the average time interval between 
Collisions, These after the vernal process, Eq. (ii) 

“comes 
ae: 


Va 


(iii) 


T 
m 


e 
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Substituting the magnitude of this drift velocity (the drift 
speed) in equation 7, = AQ/At = nev, A, we have 


32 4 
= Pad (AV) 


l= nev, A = ne( t | A= 
m 


ê 


m 


ê 


According to Ohm’s law, the current is related to the 
macroscopic variables of potential difference and resistance, i.e., 


-A 
R 
Substituting R = p(//A), we can write this expression as 
pa oh _AV 


ci 


In the conductor, the electric field is uniform; therefore, we use 
AV = El, for the magnitude of the potential difference across the 
conductor, i.e., 

E 
fart ge” a AV) 
pl P 

Equating Eqs. (iv) and (v) for the current, we solve for the 

resistivity, i.e., 


z 
E 
ra je 
m, p 
or p= = ...(V1) 
ne Tt 


According to this structural model, resistivity does not 
depend on the electric field or, equivalently. on the potential 
difference, but depends only on fixed parameters associated 
with the material and the electron. This feature is characteristic 
of a conductor obeying Ohm’s law. The model shows that 
resistivity can be calculated from the knowledge of the density 
of the electrons, their charge and mass, and the average time 
interval T between collisions. We can also write current density 
as 


ne 


TE 


B. 
J = nev, = (no © r | = 
m 


m 


Note: 

It is worth noting that electric field inside a charged conductor 
is zero, but it is nonzero inside a current-carrying conductor and 
is given by £ = V/I where V is the potential difference across 
the conductor and / is the length of the conductor, Electric field 
outside the current carrying is zero. 


= ae ee ee E < En ——»> 

(a ee) a E 

t + t+ + + + E P 
The small value of dritt velocity produces a large amount of 
electric current, due to the presence of extremely large number 
of free electrons in a conductor. The propagation at current 
is almost at the speed of light and involves electromagnetic 


process. It is due to this reason that the electric bulb glows 
immediately when switch is on. 


y nN 


5.10 Electrostatics and Current Electricity pnt 
E field, which can be obtained using the following formul. 


A copper wire of cross-sectional area 3.00 x 102 
current 10.0 A. 


4 10 
mi? carries a Hao T 7 = 25 Vian 


Also the formula used for electron mobility is 


(a) Find the drift speed of the electrons in the wire. Assume | 
that each copper atom contributes one free electron to the E _>* 10" 1 x10° 
body of material. H= E 25 5 
lisions for electrons 1n -0.2 x 10% =2x 107 m? V-'s~ 


(b) Find the average time between col 


the copper at 20°C. The density of copper is 8.95 gem”, alll 

molar mass of copper is 63.5 gmol', Avogadro number 

is 6.02 x 102 electrons per mol and resistivity of copper EFFECT OF TEMPERATURE ON 
RESISTIVITY AND RESISTANCE 


BIX 108 Qm. 
As long as the temperature of the material is constant th 
» Ihe 


(a) The volume occupied by 63.5 g of copper 1s - resistivity of material also remains constant. As the temperaty, 

3 ` ` r e 

y= M _ 63.5 _ TT aol of the material increases, the relaxation time (z) decreases, the 
p 8.95 resistivity increases, and hence the resistance also increases 

As each copper atom contributes one free electron to the As the number of electrons per unit volume goes up, the 

resistance decreases. This can be easily visualized, since if 


body of the material, the density of free electrons is 
the density of electrons increases, more electrons can flow in 
response to the potential difference and hence the current wil 


6.02 x 107? l 
= = 8.48 x 1078 electrons per cubic meter 
e. Therefore, the resistance will decrease. 


n= 
7.09 x10 


increas 


The drift speed is . 
I TEMPERATURE COEFFICIENTS OF RESISTIVITY 
are Let us study the equation 
i 10.0 R,= R, [1+ (T+ T) +AT- T] 
— 5 — 4 B . 
~ 9 48x102% x1.60x107"° x%3x10° =2.46x10* ms” where both œ and ß are called temperature coefficients of 
resistance, though different in magnitude. 
(b) Average time between collision of electrons is | 
j 9.10107! TEMPERATURE COEFFICIENTS OF RESISTANCE 
fa = — = RE: z In case of pure metals, B is negligibly small, so the resistance 
mep 8.48x10" xU GRIP Y LIRIN varies linearly with the rise of temperature (see figure). 


R= Ry [1 + oT —T,)] 


where R., is the resistance at temperature T. Ry is the resistant 


MOBILITY at temperature To (called reference temperature 
We have seen that conductivity arises from mobile charge carriers. constant for a given metal and for a given reference tempers 
In metals, these mobile charge carriers are electrons; in an ionized and is called temperature coefficient of resistance. Its unit is P 
gas, they are electron and positive charged ions; in an electrolyte, degree temperature CC), 
there can be both positive and negative ions. In a semiconductor 

ctors | 


material such as germanium or silicon, conduction is partly due to 
ancies called holes. Holes [a4 —— For condu 


electrons and partly due to electron vac 
like positive charges. An 


are sites of missing electrons that act 
important quantity is the mobility u defined as the magnitude of 


the drift velocity per unit electric field, i.e., 


For alloys such as sat 
manganin, constan" ' 
nichrome, eurex? | 


For semiconductor. 
insulato™ 


Res; 
n sistance/resistivity 


v 
=y 
carbon and 1 

5 ae Temperature or ot | 
Consider a conductor of length 40 cm where a potential ly either” cy | 
difference of 10 V is maintained between the ends of the T, is some reference temperature, genera! y degree f° Ch 
conductor. Find the mobility of the electrons provided the drift 20°C. œ is positive for metals; it 1s 0.004 per fe ang | 
velocity of the electrons is 5 x 10 ms". ae but very small (almost zero) for alloys sag reka I | 
| a= 0.00001 per degree), nichrome, constantan, 4 | 


negative for semiconductors and insulators 
p= Poll + AT- T))] 
or Pr- Po = Apo i T,) 


EEDD Given L = 40 cm, V=10V,v,=5x 10% ms™. 
To find the electron mobility, we need the value of the electric 


_ 1 (PrP) 

g © Po (T-T) 
1 dp 
ot P=” or 


These observations can be understood qualitatively using the 
relation for resistivity, i.e., p = m/ne’r, 

For metals, the number of free clectrons is fixed. As temperature 
increases. the amplitude of Vibration of atoms/ions increases and 
collisions of electrons with them become more effective and 
frequent. resulting in the decrease in Tand, hence, increase in p. 
Thus, for metals, p increases with temperature. 


| Copper Alloys such as manganin, 
U 


p p and nichrome have very low 
| | temperature coefficient. 
Temperature -5 Temperature — 
Conductors such as Hg 
become superconductor 
at very low temperature. Carbon, 
p i / p semiconductors, 
| and insulators 
| | 
(c) | (d) 
- $+» 
24 6 8 10 


Temperature ——» 


© 


Temperature (K) —>» 


FINDING COEFFICIENT OF RESISTANCE 
R, =R, 

@ QC = — 

R, (t, —t) 


where R, is the resistance at EC and R, is the resistance at 
de on 
ji 


Derivation: 
R,=R,(1 +a) (i) 
and R,=R,(1 + ot) Gi) 


Dividing Eq. (ii) by Eq. (i), we have 


R,_\+at, 


R l+at 


=(1+at,)(1+at,)' 


=(1+a1,)(1+a1,) 
(Using binomial theorem and thus neglecting higher terms) 
R, 
—=(1+a)(t, -4,) 
R i =t 
(since o? is very small and hence neglected) 
or R, =R +R olt, -1,) 


R,-R, 
or Q = —— 
R(t, -4) 
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R -R 
e Q = — s 
Ru -Ra 


where R, is the resistance at £,°C. 
Derivation: 
Dividing Eq. (ii) by Eq. (i), we have 
Ry l+at, 
R Iran 
or R, + R, Ot, =R + R ot, 
or R,—R, = OAR t,- Rt) 


R -R 
or =—4+_1_ 
Rit, —Ryt, 
i ðe R, — Ra 
Rot 
where Ris the resistance at £ °C and R, is the resistance at 
0°C. 
Derivation: 
R,=R(1 +t) or R,-R,= Rot 
R -R 
or a= ——* 
Rot 


A copper coil has a resistance of 29.0 Q at O°C and a 


_Tesistance of 26.4 Q at 80°C. Find the temperature coefficient 
_ of resistance of copper. 


BD) Rioc = Rycll + AT] 


76.4 
8 ene 
20 


or 26.4 = 20.0[1 + ax (80-0)] or 


On solving, we get œ = 4 x 10°C"! 


A metallic wire has a resistance of 120 Q at 20° C. Find the 
temperature at which the resistance of same metallic wire 


rises to 240 Q where the temperature coefficient of the wire 
is2 x 10°C"! 


WSOP Givenk =R, - L20Q,R,=R = 240Q.1=?, = 2 10, 
t, = 20°C, 4,=T=?9 


Formula used to find the temperature coefficient of resistance is 


—— |! R, = Ra 
Ri =A) — R(T 20) 
240-120 
~ 120(7— 20) 
5 
or 7% 120 
120x 2x10 7 


| | 
l= rga +20 = 05x10! + 20 = 5020°C 


C a 


A resistance R of thermal coefficient of resistivity œ is 
connected in parallel with a resistance 3R, having thermal 
coefficient of resistivity 2a. Find the value of @,,. 


! The equivalent resistance at 0°C is 


R= Rofo (i) 
Rio + Rao 
The equivalent resistance at {°C is 
R= ...(ii) 
R +R, 
But R,=R,, (1 + a) ...(il1) 
R, =H, C1 + 20%) ...(IV) 
and R=R(1 + Gf) ...(V) 
Putting the value of (i), (iii), (iv), and (v) in Eq. (ii), we have 
Og = ia 
4 


VALIDITY AND FAILURE OF 
OHM’S LAW 


Ohm’s law is not a law of nature, i.e., it is not a universal law 
that applies everywhere under all conditions. Ohm’s law is 
obeyed by metallic conductors, which accordingly are called ohmic 
conductors, that too at about normal working temperatures. At very 
high currents/voltages, even ohmic conductors do not follow this 
law as shown in Figs. (a) and (b). Semi-conductors also do not 
follow Ohm’s law as shown in the figures. 


V-I curve H , 
for ohmic a 
conductors qm 


-1I 


(HA) 
V-I curve of a V- I curve of a 
diode junction thyristor 


(b) 
Thus, Ohm’s law is not followed in the following cases: 
Materials: (i) Vacuum tubes; (ii) crystal rectifiers; 
(ili) transistors; (iv) thermistors, thyristors; (v) superconductors. 
Conditions: (i) At very high temperatures; (ii) at very low 
temperatures (superconductivity); (iii) at very high potential 
differences. 


The Z-V characteristics of a 
resistor is observed to deviate 
from a straight line for higher 
value of current as shown in 
figure. Why? 


y 
| Sol. For higher value of current, the resistor gets heate 
consequently its resistance increases. The resistor become 
ohmic due to which the /-V characteristic deviates fro 


S Nop. 
m Straight 


line thereby showing lesser current for the same voltage, 


CONCEPT APPLICATION EXERCISE 5.2 


1. (a) A steady current flows in a metallic conductor of non- 
uniform cross section. State which of the quantities 
i.e., current, current density, electric field, and drift. 
velocity remain constant? 

(b) A steady current passes through a cylindrical 
conductor. Is there an electric field inside the 
conductor? 

2. A potential difference V is applied to copper wire of 
diameter d and length L. What will be the effect on 
the electron drift speed by doubling (a) voltage y 
(b) length L, and (c) diameter d? 

3. The following table gives the length of three copper Tods, 
their diameters, and the potential differences between 
their ends. Rank the rods according to (a) the magnitude 
of the electric field within them, (b) the current density 
within them, and (c) the drift speed of electrons through 
them, greatest first. 


Diameter P.D. 


Rod Length 


4. The V-I graph for a metallic wire at two different 
temperatures T, and T, is shown in figure. Which of the 
two temperatures 7, and T, is higher and why? 


5. A beam contains 2.0 x 108 doubly charged positive jos 
per cubic centimeter, all of which are moving es 
north with a speed of 1.0 x 10° ms“!. (a) What ate i 
magnitude and direction of the current density 4 j 
(b) Can you calculate the total current 7 in this ion bea?” 
If not, what additional information is needed. ss 

6. A typical copper wire might have 2 x 10” free electr f 
in 1 cm of its length. Suppose that the drift spe i 
the electrons along the wire is 0.05 cms”. How "the 
electrons would pass through a given cross section 0 


wire each second. How large would a current be flowing 
in the wire? 

A coil of wire has a resistance of 25.00 Q at 20°C and 
a resistance of 25.17 Q at 35°C. What is its temperature 
coefficient of resistance? 

A metal wire of diameter 2 mm and of length 300 m has 
a resistance of 1.6424 Q at 20°C and 2.415 Q at 150°C. 
Find the values of œ, R, and p,, where the zero subscript 
refers to 0°C, and p,,.... Identify the metal. 

It is desired to make a 20 Q coil of wire, which has a 
zero thermal coefficient of resistance. To do this, a 
carbon resistor of resistance R, is placed in series with 
an iron resistor of resistance R,. The proportions of iron 
and carbon are so chosen that R, + R, = 20 Q for all 
temperatures near 20°C. Find the values of R, and R,? 


== 0.5 «107°C go =5 107°C" 


|10. A resistance thermometer measures temperature with 

the increase in resistance of a wire of high temperature. 

If the wire is platinum and has a resistance of 10 Q at 

20°C and a resistance of 35 Q in a hot furnace, what is 

the temperature of the furnace? (Q tatinum = 9-0036°C') 

11. A conductive wire has resistance of 10 ohm at 0°C and @ 
is 1/273°C, then determine its resistance at 273°C. 

12. What is the drift speed of the conduction electrons in 
a copper wire with radius r = 900 um when it has a 
uniform current 7 = 17 mA? Assume that each copper 
atom contributes one conduction electron to the current 
and the current density is uniform across the wire’s cross 
section. 

13. (a) At what temperature would the resistance of a copper 
conductor be double of its value of 0°C? (b) Does this 
same temperature hold for all copper conductors, 
regardless of shape and size? [a= 4.0 x 10° °C} 

14. A potential difference is applied across the filament of a 

bulb at t= 0, and it is maintained at a constant value while 
the filament gets heated to its equilibrium temperature. 
We find that the final current in the filament is one-sixth 
of the current drawn at t = 0. If the temperature of the 
filament at t = 0 is 20°C and the temperature coefficient 
of resistivity at 20°C is 0.0043 °C. find the final 
temperature of the filament. 


= 


= 


© 


a 


carbon iron 


Eiei ANSWERS (000) Las 
L. (a) Current (b) Yes 
2. (a) Drift velocity will be doubled 
(b) Drift velocity will be halved (c) It will not change 
3.(a) E, = b; > E, (b) V,=V,, > V, (ey Led, > 4, 
4. T, is greater than T, 
| 5. (a) 6.4 Am: towards North 
(b) No, we need area of cross section of the wire 
6. 1 x 10% electrons/sec, 16 A 7.4.5 x104C! 
8. a =3.9x10°C7, R, =1.5236 Q, Po =1.596x10 Wm, 
Pac = 1.72010 Qm, material is copper 
9. R =18.18.Q, R, =1.82 Q. 10. 714°C 11. 10e 
12.4.9 x 107 ms”! 13. (a) 250°C (b) Yes 
\14, 1182.8°C 
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ELECTROMOTIVE FORCE AND 
POTENTIAL DIFFERENCE 


When we close the key, a battery sets up a direct current in the 
conductor. Each charge carrier moves from positive terminal of 
the battery by the electric field set up by 

the battery. The electric field inside the a 
conductor does positive work in driving [se 

a positive charge carrier and does ae 

equal negative work, while the charge 

carrier moves back to the positive 

pole (electrode) from negative pole The seat of emf does 
(electrode) of the battery against the rie re e 
electric field inside the battery because ‘charge dq; dW/dq 

hE -di=0. 

Hence, the electric field cannot take the credit of circulating a 
charge carrier along the closed loop. Then, it must be the battery 
that does a positive work in pushing the charges from negative 
to positive terminal of the battery to set up a permanent potential 
difference across the terminals. 

The work done by the battery in 
pushing the positive charges from 
its negative terminal to its positive 
terminal through a distance / with a 
force F’, is given by . 

= Fla Pgh ar, 
(F, is the force acting on the test 
charge +q inside the battery due to 


the electrochemical action of the 
battery.) 


Then, the work done per unit 


charge is The elementary charges 


(positive charge carries) move 
W y from the negative to the 
q = "db positive electrode of the 


battery due to emf against 
the static electric field 


which is called electromotive inside the battery. 


force (emf) of the battery given by 
E= Wig. 


Emf is numerically equal to the work done by the battery in 
circulating a unit positive charge. A cell (seat of emf) generates 
a potential difference between its terminals across the circuit, 
which is numerically equal to its emf when the circuit is open. 


INTERNAL RESISTANCE OF A CELL 
IO TAIN VI ON NEEL 

Real sources in a circuit do not behave in exactly the way we have 
described; the potential difference across a real source in a circuit 
is not equal to the emf. The reason is that the charge moving 
through the material of any real source encounters resistance. 
We call this the internal resistance of the source, denoted by r. 
If this resistance behaves according to Ohm’s law, r is constant 
and independent of the current 7. As the current moves through 
r, it experiences an associated drop in potential equal to Zr. Thus, 
when a current is drawn through a source, the potential difference 
between the terminal of the source is V = ¢ — jy, 


Potential difference (V) _ 
across the terminal of cell — 


5.14 Electrostatics and Current Electricity __—_ 
Situation 
y -b i 


hiaz S Me S 
| Discharging of a battery xe . 
eo hra e 


4 j Pa Pm: 


’ =e— jor V <E 
1 Vip E AB 


y,-e-ir=V, 
B or Aia V7 EeETH 


€ P 
— ——— — | Vp et OF Vip © 


Charging of a battery 


Battery i ircuite 7 = i=0 
Battery is open circuited Vig eas 


E r B | 

Battery is short circuited , S 
jiii | i=— or é=11 

| I 

+ n €-ir=0 -or V=0 

| i 

PE en iA 4B 
= — á e “Ss = 


Note: ie i 
e Emfis independent of the resistance of the circuit and depends 


upon the nature of electrolyte of the cell, while potential 
difference depends upon the resistance between the two points 
of the circuit and current flowing through the circuit. _ 

e Emfis the cause, and potential difference is the effect. 


(a) A car has a fresh storage battery of emf 12 V and internal 
resistance 5.0 x 10° Q. If the starter motor draws a 
current of 90 A, what is the terminal voltage of the battery 
when the starter is on? 

(b) After long use, the internal resistance of the storage 
battery increases to 500 Q. What maximum current can 
be drawn from the battery? Assume the emf of the battery 
to remain unchanged. 

(c) If the discharged battery is charged by an external emf 

source, is the terminal voltage of the battery during 

charging greater of less than its emf 12V? 


Sol We have emf of the storage battery as € =12 V, internal 
resistance of the battery as r = 0.5 x 10? Q, and current flowing 
through the circuit as 7 = 90 A. 
(a) If Vis the terminal voltage, 
V=e-Ir=12-90(5.0x 107)=7.5V 
(b) We know that / = e/(R + r), where R is the external 
resistance. For / to be maximum (e.l  ), R=O(i.e.. the 
battery is to be shorted). Thus, ii 
E a 
r 500Q 
(as after long use, r =500 02) 
Clearly, 
the car. 
(c) During charging, 
direction Opposite 


the battery can now no longer be used for starting 


the current inside the battery flows in a 
| 3 to that when it is discharging, 

Clearly, replacing J by — I, we get V= g- (Dr =e+ Ir 
Hence, V should be greater than € (= 12 V) during charging. 


M _ nies 
COMBINATION OF RESISTANCES ~ 
eee 


RESISTANCES IN SERIES . 

If resistances are connected as shown in figure Such th 

nt flowing through them is the same, the resistances ie he 
al 

R, R 


KÄ 2 
F IM WM 
Me 


curre 
to be in series. 
If is the current flowing through the 


resistances, then potential drop across “A 
each is o 


y, = IR V= Ry V= iR, 
Adding, V, + V, + K= R, + R3) 
But V,+ V, + V, = V, so we get from Eq, (1) 

V=M(R, +R, +K) 

where V is the potential difference across the combinations Aly 
from Ohm’s law 

ins fii 
From Eqs. (i) and (ii), we get R=R + K, + R, where Ris 

known as equivalent resistance. 


VOLTAGE DIVIDER 
In a series circuit, current through each resistor is the same 


(see figure). ae 
V=V,+V,+V,=IR, + IR, + IR, val 
y 7? 
PE c al 
43 
VR, 
Fi -l AE 
R + R +R | R 
VR, 
j= N 
2: Ret Ry + BG 
VR 
y 3 


3” R+R, +R 


Note: 

e Ifn identical resistances are connected in series. R= aan 
potential difference across each resistance is ” = Vn. 

e The potential difference (F) across any resistance R, 


VR ii Kia R i 
; Total resistance 


N me Da T= 
ircui > ~ ‘ ppe è 
In the circuit given, find the potential difference across Ü 
resistances 


RISQ R=3Q 
@— VMM 


V=10 V 


Sol. The potential difference across R yi 


R 2 
r =10 2 =4V 
: r 5] 


ws 


——_——— ee 7 eS 


ie potential difference across R,, 


3 
=F EBET |=6v 
i R +8, 2+3 


n. E 
RESISTANCES IN PARALLEL 


resistances are connected between the same two points 


if the 


uch that the potential drop across each resistance is same, then 
suc i ` ~% 
resistances are said to be in parallel (figure). 


] 
e A 


the 


In this case, if V is the potential difference between the points 
4 and B. then 
ae Y= i Ra and V = LR, 
V 
=|. i> 


F 
— i 
' R R, 


Therefore, the total current flowing through the battery is 


Also by Ohm’s law, 7 = V/R, where R is the equivalent 
resistance between A and B. So we get 


f 1 1 l 
— =| —+— +— 
ELE E R) 
CURRENT DIVIDER FOR TWO RESISTANCES 
From figure, we have 
I=] +], () 


IR =U, (ii) 
On solving Eqs. (i) and (ii), we get 


lag) (ata) 
R +R R+R 


The division of current in the branches of a parallel circuit is 
inversely proportional to their resistances. 


Note: Current through any resistance ís 


Resistance of opposite branch ee | 
Í= J % |] ———_—_— | __ 
s Total resistance 


In the circuit given, find the currents /, /,, and /, in the circuit. 
Ah R=32 | 


Ty uii baw Malek“ 
> py ji 3 iip ENY; ; 
fr: ae aa 


a t < a eye ith 
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‘Bol. The resistances R, and R, are connected in parallel. 


te ee ny BEET 
„6x3. CR hree 
1 R Pe | R y EY 6A 


and J=] i = =2A 
R +R, 3+6 


CURRENT DIVIDER FOR THREE RESISTANCES 
The division of current in the branches of a parallel circuit is 
inversely proportional to their resistances (see fi gure). 
oe a ae 
Lk, = 18, = LE, 


and R,,= ah 
1 RR + RR, + RR, 


RR, 
i E. R 
RR, + RR + RR 

RR 
RR, + RR + RR, 


RR, 
L,= 1) —————£!_—- 
RR, + RR + RR 


It is easy to remember the expressions for /,, I,, and Z.. Notice 
which resistance is missing in the numerator. 

In all parts of figure, the resistances R, R,, and R, are connected 
in parallel between the points M and N. 


The V-/ graphs for two resistors and 
their series combination are shown 
in figure. Which one of these graphs 
represents the series combination of 
the two resistors? Give reason for your 
answer, 
‘Sol. From figure, 
V V V 
R = , ——_ 3 = 
ah Be 8 
Since A < I, < fy so R > R, > R, 
The resistance of the series combination, being the sum of the 
two resistances, Is greater than each of the resistances. Since 
R, > Ry R, > Ry graph | represents the series combination of the 


two resistors. 


y 
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eries and parallel 
d R, and plot the 
graphs is/are 
and ‘parallel’? 


eriments on $ 
resistors RX, an 
). Which of the 


» 5 
s ‘series 


Two students perform exp 
combinations of two given 
following V-/ graphs (figure 
correctly labeled in terms of the word 
Justify your answet. 


V I 
Series : Parallel 
Parallel Series 


rm 


resistance (R,) in series combination 
of two resistors is more than the resistance (R,) in parallel 
combination of the same two resistors. As J = V/R, for a given 

aphs, for a given potential 


potential (7). Z, < I, In both the gr 
difference (1) across each combination, /, < dy Hence, both the 


graphs are properly labeled. 


CALCULATION OF EFFECTIVE RESISTANCE 


Method of Successive Reduction 
It is the most common method to determine the equivalent 


resistance. This method is applicable only when we are able to 
identify resistances in series or in parallel. The method is based 
on the simplification of the circuit by successive reduction of the 
series and parallel combinations. 
To calculate the equivalent resistance between the points M 
and N. the network shown in figure, may be successively reduced 


as described step by step. 


We know that the 


In the circuit given i j 
ae given, find the effective resistance across A 
A 


(Sol. | The given syste 
(3x6) _ à 
: . aa. | 


i] 
ates, | 
T | 


m can be analysed as shown in feu, 
gute 


(3+6 


aa pa 


(423 TO 6 
so——W-—°B a 
30) 
AN 


SHORT AND OPEN CIRCUITS 

When two points of a circuit are commenced together 4 
conducting wire, they are said to be short-circuited. il 
umed to have zero resistance. No vol 
d the current through it is very la 


connecting wire is ass 
can exist across a ‘short’, an 


(theoretically infinity). 
Two points are said to be open-circuited when there is n 


direct connection between them; a break in the continuity of 
the circuit exists. Due to this break, the resistance between the 
two points is infinite and there is no of current between the two 


points. 


Remaining 
circuit 


Whole of the applied voltage is felt across the ‘open’, 1.e., across 
terminals A and B. 


EQUIPOTENTIAL POINTS 


In a current-carrying electrical N { 
network, two points are said to be K à 
equipotential if they are at the same pg 
potential. Between the points 1 and 2, SS 

V = Vz, if AV=iR=0. / 

Then we have two cases: if R = 0, XN 
AV = 0 (i #0) and if i= 0 (R is finite), 3 
AV = 0. The first case tells that when 
we connect any two points by an ideal 
conductor, the potential difference 
between them becomes zero. It is called short-circuiting: 
second case tells that if we connect any two points by 4 Se | 
resistor and find no current along the resistor, we can call i | 
points equipotential. After finding the equipotential points, jo | 
them to a single point to simplify the given circuit. | 


ELECTRICAL SYMMETRY 


if the branches ab and ac have same 
resistances and same current, same potential 
will be dropped along them. Hence, 
the branches ab and ac are electrically 
symmetrical. In this case, the points b and c 
are equipotential points. Then you can join 
these points. 


Four identical resistances each having value R are arranged 
as shown in figure. Find the equivalent resistance between A 
and B. 


E 
A 
fy 
RY g7 
r . 

Since C and D are connected with E 
a zero resistor, they are equipotential. re" 
Then superimpose C and D to obtain U 
the simplified circuit as shown. Since no R ox LR 
current flows in the branches CE and ED, A kas 
cut and then throw them to have A g B 

Rp =R+tR=2R 

If we get a closed loop of resistors Rey 

without any battery, it carries no current. a Sy 


Then remove the total loop to get a 
simpler circuit or if the current in any 
branch is zero, remove it. 


Find the R ,, in the given network. 


Sol. As A, C and B, D are short-circuited, A and C are at the 
same potential; B and D are at the same potential, Bringing A and 
C to one point and B and D to one point, we have redrawn the 
circuit. You can see that all resistors are in parallel. Then, 

30 


| | 62 
30 = «6.0 B, D 
AO @ WV —VWWV\-@B => 4C j 
D C 12 22 
M 


In the given circuits, if all the resistance has value equal to R. 
Find the equivalent resistance across A and B. 


(i) The potentials of the points (A, | and 3) and (B, 2 and 4) 


should be same. We can redraw the circuit to reduce it into 
a simple circuit. 


R 
A 2 R 
VM 
ad “mh Gay Pw 
AM 
B WWW R 
4 R 3 


(ii) The potentials of points (A, 1 and 3) and (B, 4 and 2) should 
be same. We can simplify the circuit as shown in figure. 


‘ WWW 
R 
WV 
SR => is 
Š (4.13) l A eaa i pa 8 
R 
3 AMA 


(iii) The potentials of points (4 and 1), (B and 4) and (2 and 3) 
should be same. Now we can simplify the circuit as 
ak AAS ; 

RY 


R= 


NAAA 
W V\ 


\V 
(4,1) \, 


V 


(B4) 


VVV 


AA \ 
R 
R 
- RN ANAW 
F i" 9 


R (2,3) R 
=> AVAVAY AV 

ie A P 

R 


WV 
R/ R/2 


(iv) Here the potentials of points (A, 1 and 2) and (4 and 3) are 
same. The circuit can be simplify as shown in figure. 


R 

VA 
1 2 

A R 

x r I Ni R K4 W 
R S R $ R = V A \—e g 
(4,1,2) (3,4) 
Be—WW\\ ; 

R 4 3 VW 

R 
ATAVAA 
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METHOD OF EQUIPOTENTIAL REDUCTION 


This method is based on identifying the points of equal nae 
and connecting them. By doing so the electric resistance networ 
reduces to an arrangement of series and parallel combinations 
that can be easily solved by the successive reduction method. 

Now the question arises how to identify the points of same 
potential? In this section, we will discuss the method to piguat 
the equivalent resistance and capacitance using aynmeiy 
techniques. There are various kinds of symmetry considerations. 
The most common are 


e parallel axis of symmetry 

e perpendicular axis of symmetry 

e shifted symmetry or shifted asymmetry 

e path symmetry 

We will discuss each one of these in the following sections: 


Parallel axis of symmetry: It is along the direction of current 
flow. Let us discuss this concept by an example. In the circuit 
shown in figure, even though the resistors 1 and 2 do not appear to 
be connected in parallel, but they can be treated as parallel, why? 
For explaining this, we have to use the concept of symmetry. 
Note that the circuit is symmetric about the line MN. Therefore, 


all characteristics such as potential and current should also be 
symmetrical. 


ON | Perpendicular axis! 
iof symmetry 


SE PE i 


I, [Parallel axis | 
‘of symmetry | 


From this, it means that current in | (Z) = current in 2 (L), 
current in 3 (L) = current in 4 (/,), Current in 7 Ul.) = onteni 
in 8 (/,), hence the potential differ 
potential difference across 2. 

It means if we fold the circuit 
(1 and 2), (7 and 8) and (3 and 4) beco 
Now the circuit can be simpli 
resistance across 4 and B. 


ence across | is equal to the 


about MN, the resistances 
més in parallel combination. 
fy for calculation of effective 


Note that the conditions for 1 and 2 to be in parallel are satisfied. 
Hence, we can consider them to be in parallel; howev 


er, if one of 
the resistors had a different value, we cannot use this 


method. 


Perpendicular axis of symmetry: It is perpendicular ty , 
direction of flow of current. Consider the circuit diagram i c 
in figure. The circuit has perpendicular axis of symmet "he 
XY. The perpendicular axis of symmetry means that the Cites. 
diagram is symmetric except for the fact that the input and Outp It 
are reversed. That is only the flow of current will not beam: 
image about this particular axis. For example, in the above ç n 
elements 1 and 4 are symmetric about XY, but the current flo. 
condition is not a mirror image. The current flow Condition i 
the same direction. n 

This implies that current into 6 = current out of 5, Current in 
1 = current out of 4, etc. Perpendicular axis of Symmetry ia 
very powerful principle. In fact just by looking at the ciai 
we can easily say that since the circuit has perpendicular axis of 
symmetry about XY, no current will flow in elements 7 and 8 

It means if we remove the resistance (7) and (8), there Will no 
be any change in the nature of the circuit. Now the final Circuit 
reduces to a simple circuit for calculation of resistance across 
A and B. 


| 
I 


Therefore, we can ignore these two elements completely. In 
some cases, we may not be able to use symmetry to simplify 
the circuit, but we can find out some of the characteristics of 
current/potential based on symmetry. We should always look out 
for these characteristics and use them as much as possible. 
Note: All the points lying on perpendicular axis of symmetry 
can be treated as equipotential = as z 


In the network shown in fi 


es gure find the equivalent resistant 
_ across the points M and M’ 


(i) The axis MM’ is the 


á he axis 
parallel axis of symmetry, and t 
NN’ y. 


is the perpendicular axis of symmetry. 
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SIF S eae a WA N 
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OY, | /® 
KA i S 
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k\ ma] \ ONE g8 

vd Wy, ght 7 L R/2 

R2 5 Rey 7 R/2 a = R/2 Ri2 RR, R/2 

L AAMA _\ © A ann de® 
R R O R 


3R/7 3R/7 
a 


© © 
(ii) Points lying on the perpendicular axis of symmetry may 
have same potential. In the given network, points 2, 0, and 
4 are at the same potential. 
(iii) Points lying on the parallel axis of symmetry can never 
have the same potential. 
(iv) The network can be folded about the parallel axis of 
symmetry, and the overlapping nodes have same potential. 
Thus, as shown in figure, the following points have same 
potential: (5 and 6), (2, 0, 4), and (7 and 8). After folding the 
network about the axis MM’, the circuit may be simplified by 


using the method of successive reduction. 
A!) HI } 010 CCC]QO(Qj <<< 


SHIFTED SYMMETRY 

Shifted symmetry is the same as the parallel axis of symmetry 
and the perpendicular axis of symmetry principles, except that 
the symmetry is shifted (figure). 

In Fig. (a), the system has a perpendicular axis of symmetry 
about xy, so we can say that the current in 1 must be equal to the 
current out of 4. In Fig. (b), if we interchange the positions of 3 
and 4, then the current in 1 is equal to the current in 4 and current 
In (2) is equal to the current in (3). 


x: 


\ 
ad \@ DL |` 
SZR sk R| R 
M/ O N u/ 50 DA 
\ = 
\ a r yh 2R: 


PATH SYMMETRY 


Path symmetry is also a very powerful method that one can 


use. According to path symmetry, if all paths from one point 
to another point have the same configuration of resistance or 
capacitance, then the charge or current into the beginning of the 
path must be the same. 

Let us learn the application of this concept through some 
selected illustrations. 


In figure, the resistances are connected as shown. Given 
R =10 Qand R,=20 Q. Determine the equivalent resistance 
between points A and D. 


i ù Calculation of equivalent resistance between A and D: 
There exists parallel axis of symmetry. The points across the 

parallel axis of symmetry can be treated as equipotential points. 

Method 1: Points B and C, and E and F are at the same potential, 

so the circuit can be redrawn as shown in figure. Thus, the 

equivalent resistance is 10 Q. 

U R, 


a e e AANAA 


A) `^: Parallel axis of symmetry i Fa s “7 

ST me R R, R; : 

| Equipotential p ae Wai YAM SON 

a es A a. w D 
B,C R E,F R, 


e R 


R. iji 
ANW Cem Pa 
x 7 f /2 R2 RR 
WWM W 
A 


\\\—e— WWW 
B.C E.F 


D 


[avipotentil points | ay. —, 
A 10Q P 

Method 2: The points with charge symmetrical to parallel axis 
are equipotential points. The resistances connected between 
these points can be removed. A step-by-step procedure for the 


calculation of equivalent resistance is shown in figure. 
I 
I 
| 
i} 


\ 4 44 

v, i = SR 3 

„éR E ORR) FS" TERR) => F100 
zR” =40Q 202] =400 
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A | 
SR 
| 
yi I 
wR | 
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parallel axis of symmetry. The calculations of e 
resistance are shown in figure. . 


I 


S i aeaibe f The sarcent flow is not a mirror image in branch ~ 
Method 3: We can fold the circuit about the parallel axis O and be baranie the Aow i ii ie amre direction €s ah 
- s, ~ao DIS i 1 urc. : iti i $ : i j 
symmetry. The step-by-step procedure is shown 1n fig called asymmetric condition. The special thing about, Is 
N 4 asymmetry is that current incoming at b js equal to tb 
| = ¢ ¢ i ent. A similar situation exists the 
1s Cireuitcan be j OOO O oOo i 1, œ 00$ =200 outgoing curren at b and d ay, 
17| folded about this +. ae, T | Thus, resistors in branches be and de are ineffectiy, * 
520.0 ii Method 2: The circuit has parallel axis symmetry ab 
f m fl the line ac, so the potential and current must also 
i symmetrical. Therefore, currents in ab and gq dre vo. 
eh A i Currents in dc and bc are also same. Potentials of the Poin, 
2102 b, e, and d are same. The circuit can be folded about the 
i 
1 
| 


| Perpendicular axis of symmetry V, = V, = y, | 
| Resistance/s lying on this axis can be removed. 


In the given circuits [Figs. (a) and (b)], calculate the resistance 
g ; 


: B a R ; R 
between points 4 and B. w A e i Was 


Ne, cn R/2 
aa >> mh = N` R2 
Fhe cireni 
| isfolded | bd m 
| about AB | 
R < LA Ky 
| ANAM | R/2 V7” 
| . 2R/3 Bid 
(a) The circuit has both parallel axis and perpendicular axis kez Se B 


of symmetry (by symmetry we mean that the two parts are 


. (b) The current has parallel axis of symmetry about the 
mirror images of each other). 


line passing through a and b and perpendicular axis of 

Method 1: Let us solve this problem first using the symmetry about the line x-y. 

perpendicular axis of symmetry. We observe the following: 

e The current in resistance (1) is equal to the current in 
resistance (3). 

e The current in resistance (5) is equal to the current in 
resistance (6). 

e The current in resistance (2) is equal to the current in 
resistance (4). 


Method 1: From perpendicular axis of symmetry, it is 

clear that 

e The current in resistance (7) is equal to the current in 
resistance (8). 

e The current in resistance (9) is equal to the current m 
resistance (10). l 

eer : — 
From these observations it is clear that there is no mingling e The current in resistance (11) is equal to the curen 


. ; resistance (12). 
of current from upper and lower branches into the middle Fienxthoxgutscereations a a EE T 
branch. Hence, resistors ( 7) and (8) are ineffective. of Stites fum aes iii- ee heni is ipa 
j 
branch. The upper and lower branches can be — 
from the middle branch. The calculations of equival 


resistance are shown in figure. 
| 


We also observe that all the points on the symmetry line are 
equipotential. Hence, points b, e, and d are €quipotential 
points, and so resistors (7) and (8) can be removed. The 
calculation of effective resistance is shown in figure. 


Perpendicular axis 
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Method 2: We can observe the parallel axis symmetry. The 

otentials of c and e and that of d and f should be equal. 
neue the circuit can be folded about the line passing 
through A and B. The calculations of equivalent resistance 
are shown in figure. As shown in the figure, finally 2R 
and 4R/3 are in parallel. Hence, the equivalent resistance 


will be 
4R 
2k x 3 E 4R 
Ra=—TOR 5 
EJ 
B E [Perpendicular axis of symmetry | 
E a 


Paallel axis of symmetry; the circuit can folded about this line. 
ee Pa to - 


, No mingling of current across these points, hence these points can be separated. | 


\ 
\ 


: 2R A B A ae B d VR Y wy, 8 
VVV VV . 
cx % 4 % Nan x 
, R2 7 SR CXI RZ RN >A R2 
ANN Sama M 
4R/3 R3 


Nine resistances each of magnitude R are connected to form 
prism shaped network of resistors as shown in the figure. Find 
the equivalent resistance of the network between 
(a) A and B (b) C and D. 

D 


B 


(a) The resistance across A and B: If we connect a battery 
across A and B, it can be observed that the points A and 
B are identical. The distribution of the current entering at 
point A should be same way as the current coming out from 
point B as shown in Fig. (a). We can say the points A and 
B has end point symmetry. It means at junction C, there 
should not be any distribution current to the branch CD. It 
Permits us to remove resistance CD without changing the 
nature of the circuit, as shown in Fig. (b). Now we get a 
simplify circuit which can be analyze easily. 


R-2R 2R 
Net resistance EF, Rp =———— = — 
across eee a 
Net resistance of the section AFEB, 


2R 8R 
Fee = +t —— N o = 
AFER 3 3 
Now the resistance AB, ACB and AFEB are connected in 


parallel, hence required equivalent resistance across AB 
Io olf | 15 8R 
y aa —— ieee Ro T 
15 


(b) The resistance across C and D: If we connect a battery 
across C and D, here the points C and D has end point 
symmetry. Also, the currents in the resistances CA and 
CB will be equal. It means the points A and B should be 
equipotential. Similarly, E and F are equipotential. So 
here we can remove the resistances AB and EF without 


changing the nature of circuit. Now, we left with a series 
parallel circuit 


Now the resistance CD, CAFD and CBED are connected 
in parallel, hence required equivalent resistance across CD 


i l i l i er 


R, R 3R 3R 3R ~“ 5 


eq 


CONCEPT APPLICATION EXERCISE 5.3 


1. A battery ofemf 2 V and internal resistance 0.1 Q is being 

charged with a current of 5 A. In what direction will the 
current flow inside the battery? What is the potential 
difference between the two terminals of the battery? 
Potential difference across the terminals of a cell was 
measured (in volts) against different currents (in ampere) 
flowing through the cell. A graph was drawn, which was 
a straight line ABC. Using the data given in the graph 
(see figure), determine 


potential difference (volt) 


0.04 0.12 0.20 0.28 
~~~ Current / (ampere) 


(a) the emf, and 
(b) the internal resistance of the cell. | 


a as 
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-esis in the 
3. Determine the voltage drop across the T T . Be a 
circuit given below with £ = 65 VR = 50 $2, KX, 


R, = 100 Q, and R, = 300 Q. 


VW i | 
Ri | R: | 


E 


|] J 


4. A 20 V battery of internal resistance | Q is connected A 
) three coils of 12 Q, 6 Q, and 4 Q in parallel, a resistor o 
Q and a reversed battery (emf 8 V and internal resistance 


2 Q) as shown in figure. 
20 V,1 Q 


a 
SV,2 Q 
Le 
Calculate 


(a) the current in the circuit, 
(b) current in resistor of 12 Q coil, and 
(c) potential difference across each battery. 

5. The current in a simple series circuit is 5 A. When an 
additional resistance of 2 Q is introduced, the current is 
reduced to 4 A. Calculate the resistance of the original 
circuit. Assume that the applied potential difference is the 
same in both the cases. 

6. Calculate the resistance between the terminals A and B of 


the network shown in figure. 
2 


VVV 


7. A parallel combination ofan 8 Q resistor and an unknown 
resistor R is connected in series with a 16 Q resistor and 
a battery. This circuit is then disassembled, and the three 
resistors are then connected in series with each other 
and the same battery. In both arrangements, the current 
through the 8 Q resistor is the same. What is the unknown 
resistance R? 

8. For the resistor network shown in 


figure, the potenti 
drop between a and > is 12 V. : jiii 
4C 


8 
(a) Current through resistance of 6 Q is 


10. 


11. 


12. 


13. 


14. 


(b) Current through resistance of 2 Q is 
(c) Current through resistance of 8 Q is 
In an experiment, a graph (figure) was plotted of the 
potential difference V between the terminals of ą cap 
against circuit current I by varying load rheostat. Fing the | 
internal conductance of the cell. 


V j @ P 


_ | L yu 


[e—a 


Jg 


(a) (b) 


Each resistance in the circuit (Figure) is of 2000 Q, 


The combination is put across a supply of 200 V. Find the 
reading of ammeter. 

A hemispherical network of radius a is made by using a 
conducting wire of resistance per unit length r. Find the 


equivalent resistance across OP. 
P 


O 

JS 
If each of the resistances rx eR 
= Z 


in the shown network is R, 5 
then what is the resistance 
between A and B. 

Consider the circuits shown in figure. Both the circuits 
are taking same current from the battery, but the curent 
through R in the second circuit is 1/10th of the curred! 
through R in the first circuit. If R is 11 Q, then find the 
value of R, and Ro 

l 


do 


Calculate equivalent resistance between A and B of the 


circuit shown in figure. 


6. 29 
| 2 
| x ar 
j 10.04A ll. a0") 12.R 
y 
5R 
13.R,=9.9 Q, R, = 11/9 Q 14.6.75 Q9. 15. F 


ANSWERS 


1. From positive terminal to the negative terminal, 2.5 V 


L@ lav O52 3.25 V 
4) }2AQ)O2A) BEN, 104V 


7. JI28Q 8. (a) =A (b) =A (c) ZA 
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KIRCHHOFF’S LAW FOR ELECTRICAL 


NETWORKS 


Kirchhoff’s First Law: This law is also known as junction 
rule or current law (KCL). According to it, the algebraic sum of 
currents meeting at a junction is zero, 1.e., Xi = 0. 


Ina circuit, at any junction the sum of the currents entering the 
junction must equal the sum of the currents leaving the junction, 
1.€., 

I +i, =i, +i, 

Here it is worthy to note that 

(i) Ifa current comes out to be negative, the actual direction 
of current at the junction is opposite to that assumed. 
I+i, +i, =0 can be satisfied only if at least one current is 
negative, i.e., leaving the junction. 

(ii) This law is simply a statement of conservation of charge 
as if current reaching a junction is not equal to the current 
leaving the junction, charge will not be conserved. 

Figure shows a network of currents. The magnitude of the 

Current is shown here. Find the current i. : 


1 
5A 3A 


i 
5A 


S The net incoming current in circuit is 15 +3 + 5 = 23 A. 


A 
h S incoming current in circuit = Outgoing current from circuit, 
“ice 1= 2A, 


peee i 
p In the given network w 
of resistance, if all the Calculate the values of currents l, l1; Te and J, in the section of 
sal 0 a Find te networks shown in figure. 
. Fi 

equal to nin i ' 

equivalent resistance 

across points Aand B. 


“Sol. The distribution of currents in different resistances can 
be calculated using Kirchhoff’s junction rule. We will apply 
Kirchhoff’s junction rule at junctions A, B, C, and D. 

At junction ‘A’: The current through resistance R, is unknown. 


Let the current J, is leaving the junction. 

It means: J, + 8=15 > 1,= 15-8=7A 

At junction ‘B’: The alone current at this junction is /,. Let 
this current is leaving the junction. 

It means: $ t Jah > 1,=7+3= 10 A 

At junction ‘D’: The i aa current at this junction is /,. Let 
this current is leaving the junction. . 

It means: 8=5 +1, > 1,=3A 

At junction ‘C’: Let the unknown current J, is leaving the 
Junction. 

Hence L += > 3710=-], ods 13 A 


Figure (a) shows three resistances are cere et with switch § 
initially the switch is open. When the switch Si is closed find 
the current passed through it. 


et V be the potential of the junction as shown in F 


ig. (b). 


20V 20 49 5V 2V 290 F} 42 5V 
A 5 di 
2Q 
S 
= = 0V 
(a) (b) 
Applying junction law, we have 
20-V 5- -e 
43 V_V 0 
2 4 2 
or 40—-2V+5-V=2V or SV =45 or V=9V 
Vv 
= —=45A 
fi 7 } 


Kirchhoff’s second law: This law is al 
voltage law (KVL) and according to it « 


changes i in potential in eee travers 
is zero”, i.e., LV = 0. 


SO known as loop rule or 
‘the algebraic sum of the 
al ofa mesh (closed loop) 
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w l i, ANS 
ay e D 
T S A 1 
4 oL 3 

R, h Sr 


In the following closed loop, 
—i,R, +i,R,— Emit E, +E, =R= 0 


Here it is worthy to note that 
e This law represents conservation of energy as if the sum 
of potential changes around a closed loop is not Zero, 
unlimited energy could be gained by repeatedly carrying a 
charge around a loop. 
e Ifthere are n meshes in a circuit, the number of independent 
equations in accordance with loop rule will be (n — 1). 


Sign convention for the application of Kirchhoff’s law: For the 
application of Kirchhoff’s laws, the following sign conventions 
are to be considered. 


. . . e A | 
The change in potential in traversing a! 4 R B 
ee ee gal e—a 
resistance in the direction of the current ika 
| is —iR, while in the opposite direction V,-iR=V, 
it is +iR. 
Ai R B 
e—a ucte 
<q 
V,+iR =V, | 
. . . . i 7 "| 
The change in potential in traversing, , E B 
an emf source from negative to positive 3 
terminal is +e, while in the opposite V,-e=V, 
direction it is —€ irrespective of the k 
. . . . . A i } B 
direction of current in the circuit. ; | 
> 
V,te=V, 
pe i FF . 
_ The change in potential in traversing a A C 
| , i . +i- B 
capacitor from the negative terminal to —— 
the positive terminal is +g/C, while in yi ie B 
| the opposite direction it is —q/C. ie ° 
| A toe B 
q 
— 
V,+qiC=V, 


GUIDELINES FOR APPLYING KIRCHHOFF’S LAW 


e Starting from the positive terminal of the battery having 
highest emf, distribute current at various junctions in the 
circuit in accordance with junction rule. It is not always 
easy to correctly guess the direction of current, so there is 
no problem if one assumes the wrong direction. 

e After assuming the current in each branch, we pick a point 
and begin to walk (mentally) around a closed loop. As 
we traverse each resistor, capacitor, inductor, or battery, 
we must write down the voltage change for that element 
according to the above sign convention. 


e By applying KVL, we get one equation, but in order to 
solve the circuit, we require as many equations as there are 
unknowns. So we select the required number of loops and 
apply Kirchhoff’s voltage law across each such loop. 


e After solving the set of simultaneous equations, he 


the numerical values of the assumed currents. If a tain 
these values comes out to be negative, it indicate Y of 
the particular current is in the opposite direction from at 
assumed one. the 


Note: er 
e The number of loops must be selected so that every ele 
of the circuit must be included in at least one of the foo Ent 
e While traversing through a capacitor or battery, $ 
consider the direction of current. 
e While considering the voltage drop or gain across an induc 
we always assume current to be in increasing function, Or, 


WE do no 


Find the current through 12 Q resistor in figure. 
2V 


4V 


l 2 3 2 6 4 g 
or V= 68 
15 
and 7 Raim slit 162715) B i 
12 180 


The figure given below is a part of a circuit. Calculate the | 


current through 4Q resistance and also find the pote” 
difference V,—V, ? . 


A IQ 10 p 2 SKC 3Q 2 D 
5A = 

4Q 582 

6A 

E F 


© A 
SURD If we Apply KCL at junction C, current in wat ie 
should be 8 A from B to C, Again, using KCL at term? 
current in 4Q resistance should be 3 A towards B. 


8A 
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means that their directions were incorrectly assumed. So 


10 V 20 5V 3Q 2A . 5 
19 B i i rie oe 4 Some currents may come out to be negative. This simply 


Aww 
5A 
SA Zso 
24Q S 
$ 6A 
El F 
| difference across points A and D can be given by 


The potentia . 
tion of potential as from terminal 4 to D which 


writing equa 
can be written as 
V,- —5x1+10-8x2+5-3x2 =V, 


p -mas-la =11V 


=> 


Calculate the current through each resistance in the given 
circuit (see figure). Also calculate the potential difference 
between the points a and b. 

E, =6V, E, = 8 V, E, = 10V, 

R, = 10Q, R,=4Q 
Assume that all the cells have no internal resistance. 


R; R 
a 2 
VVV AWN 
+ ai + 
J FE 


— £E 
>R 


<P 
b 


| Sol. The process of solving a circuit involves three steps: 


(i) Assume unknowns (x, y, ...) for currents in different 
branches of the circuit. Use Kirchhoff’s current law at the 
junctions so that the number of unknowns introduced is 
minimum. Let x be the current through R, and y be the 
current through R, as shown in figure. Kirchhoff’s current 
law at the junction a gives a current (x — y) through R. 


(ii 


— 


Select as many loops as the number of unknowns introduced 
for currents. Apply Kirchhoff’s voltage law through every 
loop. Going anticlockwise through the loop containing 
R, and R, (starting from junction a), we get 

trR -E +R, + £, = 0 
o 5x+4y=-4 (i) 


Going clockwise through the loop containing R, and R, 
(starting from junction a), we get 

-R (x-y)-E, + yR, + E,=0 
or 5x — 7y = 1 (ii) 


the signs of the currents will give us the correct direction 
of each current. Solving Eqs. (i) and (ii), we get 


The signs indicate that the directions of x and y were 
assumed incorrectly, while the direction of (x — y) was 


correct. So 


current /, (through R,) = 24 A toward left 
33 


current i, (through R,) = = A toward right 


current i, (through R,) = = A upward 


The current directions are shown in the circuit diagram 
figure. 


(iii) Potential difference between a and b 
The potential difference between any two points in a circuit 
is calculated by adding the changes in potential while 
going through any path from one point to the other point. 
Hence, let us go from b to a through R.. 


=$ 90 
—V.= +yR, +E =| — |x4+10=— V 
Va Ve TIS Ts (=) 11 


In the circuit sw in figure, find the current through the 
branch BD. 


pl.) To find the current in a particular branch in a circuit 
where resistances and voltages are given, the lower loop rule 
is applicable. In order to find out the solution, the given circuit 
is directed into parts or closed loops, which are analyzed using 
Kirchhoff’s second law and corresponding sign conventions. 

Assume the currents in the circuit as shown in figure. Applying 
KVL along the loop ABDA and moving in the clockwise direction, 
we get 


— 61, -31,+ 15=0 
or 21,+1L=5 ..(i) 


5.26 Electrostatics and Current Electricity i 
While moving in the direction of the current corresponding 

products are taken as negative and if the negative terminal of the 

battery comes first, then emf is taken as positive (figure). 


6Q hB 3Q l-h 


Applying KVL along the loop BCDB, we get 
— 31, —1,) -30 + 31, = 0 
or —[, +21, = 10 
Solving Eqs. (i) and (ii) for /,, we get Z, = 5A. 


In the circuit shown in figure, determine the voltage drop 
between 4 and D. 


(ii) 


2Q = A 
1:2: 
10V — 3Q 4Q 6 Q 
Se en a) 
B 
20 V 


‘Sol. We need to divide this circuit into three parts. We have 
left loop, right loop, and the central part. To find out voltage drop 
between points A and D, we have to apply Kirchhoff’s second 
law to these circuits one by one. 

Also let us assume that current J, flows in the left circuit in the 
clockwise direction and current /, flows in the right circuit in the 
anticlockwise direction. 

Direction of both the currents is decided by the battery present 
in the circuit as current flows from positive to negative. 


22 A C 
i j 
N 
E {h | AI, 
B D 


Applying Kirchhoff’s second law to left loop, we get 
“Za, = 3H, + 10=0 or- 57 =- 0r] =2 A 
Now applying Kirchhoff’s second law to right loop, we get 
41, + 61, -20=0 or 107, = 20 or/,=2A 
Applying the law between points A and D, we get 
HAI, re A = Vor V,- Fa al, +41,-4 
Putting values of I, and J, in the above expression, we get 


C y= 324403 Ae g4 9 4a oy 


Find the current x. (e 
e current in each Part of the circuit given in F ig. (a) 


USBI Apply loop law in Fig. (b). 


(1) -3f-61,+4.5=0orl+ 2/,=1.5 | À 
@) W@=2)+3-—6i,=0or10/-—167 =-3 
Solving Eqs. (i) and (ii), we get 
l 
fas = A,and =I, = 


In the circuit shown in figure, E, F, G, and H are cells of emf. 
_ 1, 3, and 1 V, respectively. The resistances 2 Q, 1 Q, 3 Q, and 
-LQ are their respective internal resistances. 


3V IQ 
(i) Find the potential difference between B and D. i 
(ii) Calculate the potential differences across the terminals 
each of the cells G and H. 


| Sol. The circuit with the currents shown is redrawn 10 figur 
Applying the loop law to BADB, we get 


> 2V 4 
l 2 

4 = 

E 
ja 20 Bic 
1) iz 
G 

D— HAW C 

> 3y 3Q 


~ 2%, +2-1-1i - 2G, -1,) =0 or -5i, +2,57!” 


J 


Y. 
i 5.27 
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applying the same iw to onp ir BD, we get equivalent resistance baiiian A and 
3 -3i, -l + 1+ 27, -1,)=00r2i,-6i,=2 Gii) Cis 


— 


| from Eqs: (i) and (ii), we get p- SR 3n 
| I 4 5 4i 4i 2 
| ee eee ihm 4i 4i 2 
5 10 a ! 
| (i) n-ne (> j=8v si re 
| | Six resistors are arranged along the edges of a pyramid as 
dì) Potential differences across the cell G is shown in figure. The values of resistances are mentioned with 
yE y= 3 + 3i, = 3 + 3(= 4/13) = 27/13 V resistances in the figure. Find the effective resistance between 
potential difference across the cell 1 is l Bd: 
r 7 — y = —— F . D 
A a a lt V5 = AS Ce V=E+ir) 
DETERMINATION OF EQUIVALENT RESISTANCE BY = yy 
KIRCHHOFF’S METHOD f ai 
This method is useful when we are not able to identify any two Soe Z-AN- 
resistances in series or in parallel. It is based on Kirchhoff’s laws. a k i Je 
The method may be described in the following steps: Ly, \ x 
, Assume an imaginary battery of emf E connected between s0% | ric 
the two terminals across which we have to calculate the / 
equivalent resistance. 
OB 


Assume some value of current, say i, coming out of the 


battery and distribute it among each branch by applying (Sol. The branches ADB and ACB are symmetrical relative to 


the terminals A and B. Hence, the points D and C are equipotential. 


Kirchhoff s current law. 
e Apply Kirchhoffs voltage law to formulate as many Since Rye # 9, ing = 0. Then remove the branch DC and then the 
equations as there are unknowns. It should be noted that at circuit is reduced to a simpler one as shown in the figure. Then. 
point Dand Care 


least one of the equations must include the assumed battery. r f 
| 


* Solve the equations to determine the £/i ratio, which is the equipotential, hence 


; resistance connected between 


equivalent resistance of the network. [pend C is removed wi 
z l / 20 ™% 
ee ET pe cS AeL B 
in the following network of 12 identical resistances, calculate $ / \ aes P 
the equivalent resistance a points A and C. Ly x% r 20 
sf Sa 
RS A B 
K b 1d 2 
R 3x wy Ral y,R —— => +-+ R 220 
se i, 3232 ° ™ 3 
x y Method 2: We can redraw the circuit as shown in the figure. 


| ‘Sol. Step 1: An imaginary battery 
ar emf € is assumed across the 
terminals 4 and C. 
Step 2: The current in each branch 
ji distributed by assuming 4i current 
ind out of the battery. 
| tep 3 : We apply KVL along the outer 
ee Including the nodes A, B, C, and 
€ battery E. Voltage equation is 4i 
à -2iR -iR -iR-2iR+E=0 
tep 4: After solving the above 
“quation, we get 6iR = E. The 
Pai N 


B 

ance across 4 and B, let us connect an 
across the terminals A and B. We 
different branches using symmetry 


For calculating resist 
imaginary battery of emf € 
can distribute the currents in 
properties. 
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M 


m 


Applying Kirchhoff’s loop law in loop ADBA, 
—x.l—x.1+(/-2x)=0 


> x=- (i) 
3 


Now considering the loop 4BNMA 
—([-2x)-2+6e =0 
or € =2(J-—2x)=0 ...(11) 
21I 


I 
From (i) and (11), € = a{1 -2.1) = T 


or 


: 2 
Hence equivalent capacity across A and B is 3 Q. 


Twelve identical resistances are arranged on all edges of a 
cube. The resistors are all the same. Then find the equivalent 
resistance between the edges A and B as shown in figure. 


SoL Method 1: Let us number the corners as 1, 2, 3, ... as 
shown in figure. Let us identify various paths from A to B. 
a(l-8-7-6) b(1-2-7-6),c(1-8-5-6), 
d(1-2-3-6) e(1 -4—5-6), f(1 -4-3 -6) 
Now for each of these paths we 8 1/6 
have identical resistances. Let the 
current entering at point A be J. The “* 4] 
current will be distributed equally d 
among all the three paths. Therefore, hi IB 
we can say that current is 
P T 1, =, 
Now look at all paths from 2 to 6. 2 116 3 
We have the following paths g(2 > 7 > 6) and h(2 => 3 => 6). 
Since they also have the same resistances, we can assume that 
current in 2-43 and current in 2—7 must be same. Therefore, 


a 


1(1)_1 ie 
ly = Is * 5 3) 6 


Similarly, we can say that Z4, = 145 = 1s = 1g, = 1/6, Theret 
calculate the potential difference across the path (1 heyy to 
we have 6), 


or V — 


or ———=-—R 


Therefore, the equivalent resistance is 5R/6. 


Method 2: The network is symmetrical about the body dia 


i 0 
AB. Since equal currents flow in the branches between h = 
(1, 2, and 3), the points 1, 2, and 3 are equipotential. Similarly 


the points 4, 5, and 6 are equipotential. Let us now Superimpos, 
the points 1, 2, and 3 at C and 4, 5, and 6 at D. You can tive 
see that there are three resistors between A and C, six resistor 
between C and D, and three resistors between D and B. Then, 


Ae—\\\W\\—e——WW\\ —\"' 0B 
R/3 C R/6 D R3 


e—_\\\\\\e 
A 5R/6 B 
Bog E Bag R 


BALANCED WHEATSTONE BRIDGE | 
Wheatstone bridge is also known as a meter bridge oF slide ah 
bridge. If four resistances P, Q, R, and S are joined as sa 
in figure, both the keys (K, and K,) are on and no ae 
through the galvanometer (i.e., Ig = 0). Then the como! 
of resistances is called a balanced C 
Wheatstone bridge. So 
P R 
O Ss 


If S is an unknown resistance, then 


varxe 
P 


o 


¢ we are given R. P, and Q or R and ratio Q/P, then we 
é if we & 


ow at the value of S easily. 
call p applying loop rule to loop ABDA (moving in clockwise 
of: p 

rection). oa cy 1)R=0 fos p= 

du _1,P+U- ) le eg ~ O} 

tying loop rule to loop BCDB, we get 

AWPTIQtU-HS=0 or 1O=(-1)s ii) 
as ££ _k 

pividing Eq: (i) by Eq. (ii), we get Os 


The balanced Wheatstone bridge method is an accurate method 
pecause WE do not have to read out deflection, but we only have 
ee that the needle remains at dead zero. It is not affected by 
= al resistance of cells, resistances of galvanometers, etc. 
ae the principle used in the meter bridge or in the slide-wire 
pridge. Other circuits that can form Wheatstone bridge are shown 


(d) 


All the four circuits (a), (b), (c), and (d) represent a Wheatstone 
bridge network. 


What will be the change in the resistance of a circuit between 
A and B, consisting of five identical resistances, if two similar 
resistances are added as shown by the dashed line in figure. 


A 


sssseonpene»g” 


‘Sol, When two identical resistances are added in place of 
dashed lines. 
R, = E 


3r 


But before adding the resistances, the equivalent resistance iS 
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2 `A 
fie- E ‘ B 
p a \ i 
ry k rS Zr 3 Balanced Wheatstone bridge 
S | F% Si A Eá 
T : ‘ 
\ \/ ti This resistance can be removed, 
A N AM 
\ | a / 
` j” 
o Now circuit can be 
a l4 b 
N i i ia „iP reduced to this form 
ia. 1 ; 
j pm ny á 


2r 
{ re Bap Amer ii Bf 
AeWWhv— >a BZ A f AMANAN p 
r $A. ae r r he r 


2) 


Resistances R,, R,, Rys Ry, Rss and R, are connected with a 6 V 
battery with internal resistance | (2 as shown in figure. Find (a) 
equivalent resistance and (b) current in each resistance. 


It is balanced Wheatstone bridge. 
The potential difference across R, 
will be zero and R, can be 
removed from creuit 


M | The circuit reduces to 


L R R, 


? L 16Q=R8', 
NAV W\\\— 
rs : 
op- 
I L, R, R, l l S] — p = 
PG A|h8Q=R, |BI Ra=4Q 
WWW r5 VO) oww 
Í; R, f; lo Q = R 
Pw a \ 


Hence, the equivalent resistance between 4 and B is 


D S O S 4 
Rig l6 S lo lo 
or Ry, 4Q 


i Now the circuit reduces to the one shown in 
figure. The current supplied by the battery is 
60 


J=——=l12A 
4+1 
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As potential difference across R, is zero, no current will be in 
R,. Now using current distribution law, we can find the current 
in each branch. 


The currents in R, and R, will be equal. 
R3R, 
nat eR) 
RiR} + R3R3 + RyRy 


=12 o Sxi ooe =3A 
16x8+8x16+16x16 


The currents in R, and R i iS 
RR 
I,=1 t , l > , r 
ET 16x16 2 
~ "116x848 x164+16X16 


Hence, current in R, is J, = 12 - (3 + 6)=3 A. 


Four resistance each of magnitude R - Ac R p 
are connected with an ideal battery as 
shown in figure. Find current through R R 3 
the battery and potential difference 
between A and D. R R E 


Sol. We can redraw the circuit, it is a balanced Wheatstone 
bridge. 

Resistance between C and D can be removed. The equivalent 
resistance between A and B, 


The current through the battery, / =. 
R 


As potential difference across AB is E, hence potential difference 
across AD should be £/2. 


In the given circuit given in figure,find the current 


(i) supplied by battery. 
(ii) in the resistance connected across C and D 


— —e ee 


188i!) We can redraw the circuit, it is a balanced 
bridge. Hence the potential difference in the resistance 
between C and D should be zero. It means the curr 


resistance is zero. 


~ 


e 
Connecte 


ed 


If we remove the resistance connected across C and D, the nature 
of the circuit will not change. The equivalent resistance across 
the battery 


1 l,i, l agp- 
Ra R ok 3K, hi 
: y XW 
Hence current supplied by battery 7 Eir] 
79 


CONCEPT APPLICATION EXERCISE 5.4 


1. Find the current in each resistor in the circuit as shown m 
figure. 


ection in 


2. The given Wheatstone bridge is showing no deñ api 


the galvanometer joined between the points B an 
figure. Calculate the value of R. 


y 
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i , . à 9, C ° . E . é E © = š 
the circuit (figure), the cells onsider the circuit shown in figure. The current i, is 


3, n 


equal t 
and Æ, have emfs of 4 V and jal to in m 
y and internal sa T 0 
and 1.0 Q, respectively. T 
a TEV 


ulate the current through 


Calc 
6 Q resistance. 


petermine the currents /,,/,, and Z for the network shown 
i below (figure). 


‘Igy ‘TV 


24V 20 F : p 
ee | | 10. In the circuit shown in figure, 
| 7A oR 
hy p 2V 6Q — MN 
| E, 6 
l 4Q | + p 
: Z3Q =62 


4Q= 


(a) ,=__ b= (c) = | 3A] | ine 


5, In the following circuit, the potential difference between 
' (a) find the current in the 3 Q resistor 


P and Q is 
— A 2A Ọ | (b) find the unknown emfs £ and £, | 
| gi | | | (c) find the resistance R 

TE 4 11. In the circuit shown in figure, | 
Fa =5 | 

i 22 J0V, 30 

| | | M— Heyyy 

LS = | 


| 5v 

| iò g” 46 
6. Consider the circuit shown in figure. The current through | | wm EMA 
the 6 Q resistor is 4A, in the direction shown. What are | 


the currents through the 25 Q and 20 Q resistors? 


10Q 


(a) find the current in each branch | 
(b) find the potential difference V , of point a relative to | 


| point b 

| | 12. In the circuit shown in figure, jary 
| | calculate the following: | 
(a) Potential difference between 62 3Q0 

E€ | points a and b when switch S$ E -y 
is open. 3Q S60) 
7. In the circuit shown in figure, the voltage across the 2 Q (b) Cu = dit freig Sin the cirout ğ Š | 
resistor is 12 V. What is the emf of the battery and the wher! 8s Pear = | 
‘cies ait 

current through the 6 Q resistor? 19, Withinoioute v2 £,=6V,6,=3V, i il han R,=R, | 


= 3 Q, find the current through each cell and resistors. 


A R D 


8. In the network of three cells, find the potential V of their 


junction. 14. In the given Circuit, KR, =1Q, R, =2Q, R,=2Q, 
+20 V -15 V 2 
Pi £, = 1, r=7Q and €= 10 V. Find the: 
aK, Sf 12 Ri=1Q 4 Ry=20 
10 V 6V 
V 
Fev 
ZYQ 
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(a) total current drawn from the battery 
(b) current in the wire AB. 


ANSWERS _ prii 
Lia" 3A gg =2A 2.25Q 3. 1/6A 
5.5 V 


4.1, =3 A, =-1.5 A, 1,=4.5A 


Glon TA byn" rA -18V.3A 8.—44/7 V 


N 


5 
9. -ZA 10. (a) 8A (b) £, =36 V, £, = 94 V )9Q 


3 


: 4 : 1 
11. (a) ia = TAs ha =" A and ioo 25 16 


l A (b) V,,=-=V 


5S 


12. (a) -12 V ©) 3 A 

13. The current through R, = 6 A (From B to A ) 
The current through R, = 3 A (From D to A) 
The current through R, = 1 A (From D to B) 


|14. (a) 5 A (b) >A 


COMBINATION OF CELLS 


SERIES GROUPING : : . 
Suppose 7 cells each of emf bwin] HWM- 


E and internal resistance r are 
connected in series as shown in 
figure. Then net emf is nE and 

R 


total resistance is mr + R. 
Therefore the current in the circuit 1s 


i Net emf nE 
1 = E = —— 
Total resistance nr + R 


Note: If polarity of m cells is reverse 
(n —2m)E. While total resistance is still nr + R. 


= (n—2m)E 
nr tR 


d, then equivalent emf is 


If the same current passes through every resistor in a given 
branch, irrespective of the presence of sources in that branch, the 
resistors are in series even though they are not directly connected 


to each other. Same is true about capacitors. 


goin Hw pw- 
a + Pi- rt Vs 


Ry ty Ro “yt Baty, 


n identical cells each of emf 6 V, 
connected in series with an external 
resistor of 5 Q, carry a current of 
10 A. If two cells are connected 
wrongly in series with the same 
external resistor, the current 
flowing through the cells will be 
6.45 A. Find the value of n and the 
internal resistance of each cell. Peete 
a =AE- 


m p m a a o o e- po we 


Let r be the internal resistance of each cell T : 
tor Seri 
Te, 


connection, Ep = NE = 6n. 


eae 
, nE 6n 
or j= —— = =10 
n+R nr+s5 i 
tay 1) 


For wrong connection of two cells, the effective emfd 
by 2g because the emfs of two identical cells counte “Crease. 
Tact wi 
With 


each other. Then, 
El, =ne-—E=(n —~2)e = (n — 2)6 
and E = 
— — 2)6 
- ot, ADE OO T 
nr+ R nr+5 


By solving Eqs. (i) and (ii), we have n= 10 and r=0.] Q 


--li) 


n identical cells, each of emf E and internal resistance + 
joined in series to form a closed circuit. Find the pkey 
difference across any one cell. i 


-E_E 
naro r 
The equivalent circuit of one cell is shown in figure. Potential 
difference across the cell iS 
y= V,=-E+ir=-E + E.y =0 ao ues 


O ne 


PARALLEL GROUPING 
Case 1: E and r of each cell are different, but still the positve 


terminals of all cells are connected at one junction while the 
negative terminals at the other. 
A E 


sæ gel 
Applying Kirchhoffs second law in loop ABCDEFA.¥*= 


E, —iR-ir, =0ori = 
H t 


Similarly, we can write, 
R E „Ë 


i, =—i— +t = 
h h 


Adding all above equations, We have 


E 
Gh te ri -inS(*) 5() 


But 1, Fito tt = į, SO 
l n 


i=-Ry (t)z) 
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and Bart STE 


e above expression, we can see that i = EX(R + r/n) if 


From th 
ame emf £ and internal resistance r are connected in 


n cells ofs 
parallel. This is because 


E E 1 
(2) - FBC); 
r r r r 
n nElrr E 

 {enkir R+ r/n 


We can also write 
fe (Ej) +(E/n)+ (E;/%;) 
oy are 
KR h B 


Note: If any cell is connected with reversed polarity 
E 


| Keg 
p 
R 
e a ho j 
r h f 
] 2 3 r 
Then, £,, EEE ie a 74 and t= 77 f° 1 
2p BEE E 
rh % Hee 


Y | y, and 6 V are connected in parallel. 
tances are 1 Q, 2 Q, and 1 Q, find the E.¢p 
=1,6 Q. 


r p and the current in the external load R 
1a 3V 


nA 


Three cells of emf 3 
If their internal resis 


[Sol The cells are connected in parallel. The equivalent cell 


emf is 
3 4 6 
— DEF, l +(-3]+8 
Si, 1,1, 1 ane 
e +-+- 
1 2 ] 
The internal resistance of the cell is 
: nae L 1 1 1 5 
pe a e es SS 
lop r 1 2 1 2 
2 ; 
E=2.8V p=1.5 


The current in the circuit is 
E 2.8 
= =14A = aw 


“Sel. | Method 1: The given circuit may be replaced by an 
equivalent battery of emf g and resistance r as shown in figure. 


4-5) 
ESEA 


€= 
1,1 2 
4 12 
d r ; 3Q 
an T = 
4 R 
, 9” pO 
69 
A WA 
vm — 
42 av 
(a) 
Thus, current through the external resistor 1s (from A to B) 
E _ 3/2 _ l 4 
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For upper branch: V,—J, x 12 + 6= V 
7 

or (V,—-V,)+6=/1, x 12 or] +6=J/,x 12 orl, = es 
For lower branch: V, + J, x 4-4 = Fa 

: 3 
or (V,-V,)-4=-1, x4 orl, =74 
Method 2: Instead of making equivalent battery of two branches, 
we can make equivalent battery of all three branches. In the 
middle branch, we can assume a battery of zero emf connected 


with resistance 6 Q. The given circuit may be replaced by an 
equivalent battery of emf £ and resistance 7 as shown in figure. 


1 
d r 
and reg g 772 
4 12 6 


This battery is an open circuit battery, hence potential 
difference across each branch will be 1 V. Now we will get the 
same results as we have in previous method. 


MIXED GROUPING 

The situation is shown in figure. There are n identical cells in 
a row, and number of rows is m. The emf of each cell is E, and 
internal resistance is r. Treating each row as a single cell of emf 
nE and internal resistance nr, we have 


Net emf = nE 


f , nr 
Total internal resistance = — 


Total external resistance = R 


Therefore, the current through the external resistance R is 
nE 


i= 
nr 
R+— 
m 
Thi i 
is expression after some rearrangement can also be written as 


mnE 


ja mME_ _ __ 
(VmR — Jnr? + 2VmnrR 


From this expression we see that į is maximum when, a 


nr 
or JmR = VnR or dale 


sistance = total internal resistance. 


or total external re 
that the current and E 


Thus, we can say 


hence the power transferred to the load are enn 
maximum when the load resistance is equal 
to the internal resistance. This is known as 
maximum power transfer theorem. WM 
R 


In a mixed grouping of identical cells, five rows are conneg 
in parallel and each row contains 10 cell. This combin atio 
sends a current / through an external resistance of 20 Q fe 
the emf and internal resistance of each cell is 1.5 V ang y 
respectively, then find the value of i. ' 


The number of cells in a row is n = 10, and the number 


of such rows is m = 5. 
nE 10x1.5 


ien ISTR BES 
100 cells each of emf 5 V and internal resistance 1 Q are tobe 
arranged to produce maximum current in a 25 Q resistance. 
Each row contains equal number of cells. Find the number of 


TOWS. 


(>) Total number of cells is 


~~ mn = 100. fi 
Current will be maximum when 
aM oe Be 
m 
n=25m (0) 


From Egs. (i) and (ii), we get n = 50 and m =2. 


Important Points: 

e In series grouping of cells, their emfs are additive 
subtractive, while their internal resistances are always 
additive. If dissimilar plates of cells are connected together, 
their emfs are added to each other, while if their similar 
plates are connected together, their emfs are subtractive: 


En, E, 
- LW HWW- E, Et Ey and rg= "7 "2 


E, E, 
— mwm Hw- Ea By EdE E,) and rego tT | 
1 is wrongly 


e In series grouping of identical cells, if one cel 
two cells. + 


connected, then it will cancel out the effect of 
in the combination of n identical cells (each having n 
E and internal resistance r) x cells are wrongly conn 
then equivalent emf is E, = 0” — 2x)E and equiva” 


internal resistance is f =N 


| 


hai 


lel grouping of two identical cells having no internal 


l aral ` . ' ~ 
|e InP ce, we have the situation in figure. 


| resistan 
| P R 

| W AWA) 
| 


When cells of different 
emf and no internal resistance 
are connected in parallel, then 
equivalent emf is indeterminate. 
Note that connecting a wire with 
a cell but with no Tesistance is 
equivalent to short-circuiting. Therefore, the total current 
that will be lowing will be infinite. 


two 


sUPERPOSITION PRINCIPLE 


CONCEPTS 


Whenever a circuit has more than one cell or battery, the 
superposition principle may be used to find current and voltages. 
This principle is based on the fact that every cell or battery acts 
independently of the presence of others. 

According to this principle, the total current J in the circuit 
equals the algebraic sum of currents (Z p l» -~ Z) produced by 
each source (cell or battery), taken one at a time. Mathematically, 
[=], +++, 

The superposition splits the original two-source problem into 
two one-source problems. Instead of solving a difficult two- 
source problem, here we learn this concept through two simple 
situations. In first situation two batteries are connected with a 
resistance and it is required to calculate current in the resistance. 
In this case, first we consider the current supplied by 6 V battery, 
ignoring the presence of the 4 V battery, then we calculate the 
current supplied by 4 V battery, ignoring 6 V battery. Combining 


these two currents, we get net current in the resistance under 
consideration. 


I=h+h)=2+2=34+2=5A 


Now consider one more situation as shown in figure, here we 
needtocalculate current in resistance R. Here also, first we consider 


Current supplied by 15 V battery (/,), ignoring the presence of 


30 V battery. In next step we consider current supplied by 
OV battery (L), ignoring the presence of the 15 V battery. Then 


Y adding these two currents given net current in resistance (X). 


6Q2 30 


: 69 302 
I I, 


60 32 


Wla 
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I= \1Aand/,=4A,so/=1,+1,=1+4=5A. 


Situation where superposition principle 
is not valid: In the circuit shown in figure, 
find the current / flowing through the 
2 Q resistor. 

Many students come out with an answer / = 2 A with a wrong 
reason, Each battery contributes a current of | A; as there are two 
batteries, so the total current in the 2 Q resistor is 2 A. 

The circuit may be split up into two parts as shown in figure. 
With each battery, the current in the 2 Q resistor is zero. It 
happens so because when we remove one battery from a branch, 
that particular branch gets short-circuited, as there is no other 
resistance present in that branch. 


Note that in such a situation the principle of superposition is 
not applicable. 


| ie |. < 
Pog 


2V ree x 


| ti Pw 2V 


Conditions for the applicability of principle of superposition: 
Whenever a cell or a battery is present in a branch, there must 
be some resistance (internal or external or both) present in that 
branch in order to apply the superposition principle. In practical 
situations it always happens because we can never have an ideal 
cell or a battery with zero resistance. In this case, the current 


flowing through the 2 Q resistor is 1A, since voltage drop across 
it is 2 V (correct). 


NODAL METHOD OF CIRCUIT 
ANALYSIS 


It is based on Kirchhoff s junction law. At any node (or yanction) 
in electrical circuit, ÈZ = 0 (it will be referred as nodal equation). 
Assign potential of every junction of circuit taking potential of 
any one of the junctions of the circuit zero (this will be called 
reference node or reference junction). Apply nodal equation to 
solve for unknown potential introduced in the circuits. Current 


in nodal equation will be written using the resistor equation, i.e., 
1= VIR. 


T,=0 


The resistances and batteries are connected a 
The potentials at points B, C, D. and E are a 
Find the potential at point A. 


s shown in figure. 
ssigned as shown. 


TERY 
By 20 V ee, 
Å a) N a AA 
52.9 ai t C50) + 5 =45\ 
L sy ISV _— 
C ig 20 E Pr a 
j oi 7 w a) so vew] ; EAN. 
20 v| SV my / 20V yx] 5V 
š 1Q 10 V| Li 
; G) žia 
E 
0y EUN 
(a) (b) 


y oN 
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‘Sol. D Let potential at 4 be x. Applying Kirchhoff’s current law 
at junction A, we get 
(x= 20)-10 | (x= 15)-20 x= (-45) X- (30) _ 9 
l 2 2 ] 
(2x — 60) + (x — 35) + (x + 45) + (2x + 60) _ 0 
e T MA es 


5 


pe 


6x+10=0 or x=-5/3 


i A is —5/3 V. l | 
Hence potential at 4 Is The current through 5 Q resistance is J, = 4 A. Henge 
Ltustration 5.64 junction B f= 1, + ly As 1,=0,201,~ 1-40 Het 
rrent in wire BD will be 4A. 

In figure. given below find the current in the wire BD. Di cu es 
gure, g 50 (iii) Let us assume the potential of point B and D be 0 y m 


xV, respectively. Then the potential at different points can 
be assigned as shown in figure. 
[(x + 20) — Of 
peat l= ee a 


pn V eee 
OM _ 1G — 10)- 0] 
3 5 | 


At node D, J, + J, + J, =0 


(x+20) | (x=10) | @=10) _ 5 or x=)5V 


5 2 2 
(i) Let us assign B as reference node and take its potential = 0. (3-0) S-W 3 A from D to Bi 
As nodes B and D are directly connected with a conducting a=. 2 5o o o o g [aum i 
wire, hence potential of node D will also be zero. Then or 5/2 A current will flow from B to D. 
write the potential of other nodes; corresponding currents 
are shown in figure. At node D, ! 
LETA Find the current in each wire 
L=5-4= : 
or J, ] | | | H G F E Given. 
Therefore, current in wire BD is 1 A, from D to B. 6 =50 Ve, =40V 
l 72 
EE = & FE & =30 V, &= 10V 
l: a a 7 R =2Q, R,=2Q, 
R =1Q 


i ) Let potential at point 4 be 0 volt, then potential of other 
points is shown in figure. Analysis of current in different branches 
are shown in the figure. = em 
OV! ; 1lOVIG+i)10V) i OV, 


4 


ie er À 
it (it i) =i, 


=i (it i) 
| i,= 40 — (20 + 15) 
| =5A 


(ii) Let us assume the potential of point D to be zero. The 
potentials at different points can be assigned as shown in 
figure. From circuit diagram, it is clear that current in 2 Q 


resistance will be zero as potential difference across it will 
be zero. Hence J, =O, 
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15 
i=—=5A 
3 
jn the Method 4: Using nodal method svj 62 —] 30 Bovi 
pranch 62 B 32 g Let us assume the potential of T B To 
node D zero and the potential of J Ż 
SV node Bx. Then we can assign the !5V7 325 7 ey 
: 3Q A potentials at different nodes as | | | 
30 V ‘ D 
| | | shown in figure. At node B, o 01 0 
(Yj f eal 
| D (x=15) | (x= 30) (x-0) _) 
| 6 3 3 
Method 1: Using Kirchhoff’s law or 5x=75orx=15V 
pe currents in the circuit are A SO iB amis Hence, current through resistance connected across BD is 
| = nel as shown in figure. C > i 15-0 5A (from B to D) 
ass = 
| applying KVL along the loop y 3 
| BDA, WE get i pa Bov Method 5: Using superposition principle 
-6i — 3i, + =p i, In superposition method, we can take the effect of one battery at 
2i +i,=5 w) a: a time. From figure, it is clear that the effect of two batteries can 
gigi KVL along the loop be taken by adding the effect of individual batteries. 
BCDB, Wk get . A 6 Q B 3Q “ai S y iiA 
-3(i — i,) -30 + 31, =0 
o i, + 2i,=10 (ii) SAA wy = isy 
solving Eqs. (i) and (ii) for i,, we get i, = 5 A. | | | 
Method 2: Using equivalent battery method (i) D 
We can treat 6 Q and 3 Q resistances connected with 15 V 
and 30 V batteries, respectively, as internal resistances of the EES pe ae eee Ao, 88 ea p20 6a 
batteries. Now we can assume these batteries are connected in p94. 2 PE | | a 6+3 (3+2) 
parallel, and equivalent battery of these two is connected with | : | bites nor fe v (eas | 
resistance connected across B and D. (Hence 1, = r$] 5 p =1A |! 22 ae Fe | 
į j H 


a’ 


Hence, current through resistance connected across B and D is 
i +1,=1+4=5 A (from B to D). 


Twelve identical resistors are arranged on all edges of a cube. 
Then find the equivalent resistance between the corners 1 and 
6 as shown in figure (use nodal method). 


Method 3: Using equivalent battery method (ii) 

We can assume a battery of zero emf is connected in series with 
resistance connected across BD. This resistance can be treated 
’ intemal resistance of zero emf battery. Now we have three 
batteries in parallel. The equivalent of these batteries will be a 


‘ingle battery which is the open circuit. 


Let us assume we have 


° | in pan a Q connected a battery of emf V across 
6Q 3 30 tg | ee es 2 points | and 6. If potential of point | 
=> $ L633 is V, then the potential of point 6 is 0. 
S ; ne teed ak [Bo | From symmetry, it is clear that 
| it | Neco > =15V the current entering at point 1 will 
° | pas | equally divide the resistance. Hence, 
AS equi eh sna aseen dean the potential differences across 
aroge alent battery 1s an open circuit, the potential eqn rexiatances: connecte d across (1, 8), 
thro each of the battery branch will be 15 V. Hence, curren (1, 2), and (1, 4), will be equal. 


ugh the resistance connected across BD is 
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Similarly, the current coming out at point 6 will be equal 
to current entering at point 1. By symmetry, we can say the 
current in the resistances connected across points (7, 6), 
(3. 6), and (6, 5) will be equal. Hence, potential difference eey 
these resistances should be equal. Let us assume the peer : 
at points 3. 5. and 7 be x, then the potentials at points 2, 4, anc 


wie we 


should be (’—). At point 7. 
[v-(V-»)] 8- 0) ‘ w- -o 0 


R R R 
or s-r pa) 
2 

At point l. 

; A == „G 

R 

From (i) and (11). 

T Š 

I 6 


Hence. effective resistance will be 5R/6. 


In previous illustration, find the equivalent resistance of the 
network between 1 and 2. 


Sl Method 1: From symmetry, it is clear the current in 
resistors connected between points (1 and 8) and (1 and 4) 
should be same, hence points 4 and 8 are equipotential points. 
Similarly. the current in resistors connected between points 
(2 and 7) and (2 and 3) should be same, hence points 3 and 7 are 
eqguipotential points. 

We can join points (4 and 8) and (3 and 7). We can redraw the 
circuit and calculate the equivalent resistance as shown in figure. 

Equipotential points 


8 R R 
i nnr im 1 M gg m" ‘ 
z "tS M; 
oT, az ye? 2 R R 
i ii o i . W VM 
Z f [ | 


RĒ =R 
A < 


: | 4 z > Re : =R 
h ai sty R R 
e = Wie b WM WW 
= WN, 7 J H] ly R 6 
3 2 WW 3,7 rit i 
Equipotential points 
a | ee 44 5 a | W2R 4g 1/⁄2R 
S I / T] c T WWW T WW- | 
R 2R WE CE Ep =1/2R =p me 
elwy 37 b Í iL AANV i] 
Y \ = 
1/2R h I2 R 3,7 I2 R 6 
I2 R 
a | 
oT 2 O q 
R= = y” Z L gees = 
SRE PY REWSRE IS = yp 
b < / a” a < 
oy, -a b` 
2 IZR 2 = 


From KCL, we have 
j=j +2i, | 
Applying KVL for the loop (1747375271), we hve 
-iR — iR - iR + iR=0 


i) 


or i, = 2i, +4, sali 
Applying KVL for the loop (4 > 3-965 4), we have 
-iR + (i, —i,)R + 20, - i,)R + (i, —i,)R=0 


or. 4i,-5i,=0 Ai 
On solving Eqs. (i), (ii), and (iii), we get 

o Paaa eee 

=” 2 aA" B= Et 


The potential difference across (1 — 2) is i R = 7/12 iR. The 
potential difference across equivalent resistance is iR, Thus 


7 F 
iR =— iR or T 


12 


Find the equivalent resistance between 4 and B. 
5Q 109 
a a WW 
[5Q ‘ee 
NW 
10Q 5$Q 


a 
WIV 


Sol.) Method 1: It is a Wheatstone bridge, but it is not balanced 
There are no series parallel connections. But there are similar 


values on input and output 


i ~ 52 10 Qu - x) 
sides. Here we see that even gan 
after using symmetry, the l ical 
circuit does not reduce to series 17> |27 = F mi 
parallel combination as in į | - 
previous examples. Therefore, -Vw 3a°% 
we apply Kirchhoff’s voltage (19 
law. Sonunun 
In loop 1: ee 
V—-10(i-x)-5x=0 . 
or PV-10i+Sx=0 A 


In loop 2: 


LO(i — x) — Sx- S(2x- 1) =0 
or 10h 10x- 10x + Si- 5x =0 
or 15i-25x=0 
Ol = zi Sx = 3i tN 
Using (ii) and (i); 
V—10i+3i=0 
oe La 7Q _ 
7 or Ro =7Q 


| ~ 3. From shifted symmetry, it is clear that the current in the 
metho as connected across nodes 1 and 2 will be same as the 
resist an connected across nodes 5 and 4. Hence, Potential differences 
| esisti hat e resistances will be equal. 
| actos an state the same for 
“ssistances connected 
the < the nodes 6 and 5 and 
peros and 3. Let us assign 
es “ant 
no sotentials of points A and 
the j y and 0, respectively, 
pto we can assign potentials 
1 


aK fferent nodes as shown in 


of di 


he figure. At node 2 
(x-V) 4 [x- (F -x)] 4 (x-0) si 
“a 5 10 
w ža (i) 
At point 4, using Kirchhoff’s junction rule 
V-x) V-V—-x)) w- 
= Ea (ii) 
5 10 10 
From (i) and (ii), 
V 
us Sone he i P 
Eight identical resistances R 
each are connected as shown D c 
in figure. Find equivalent 
resistance between A and B. 
A B 


SoL To find the equivalent 
resistance across A and B, let us connect a battery of emf ‘27. 
Due to symmetry we can assign the potential of point P as ‘1. 
As the circuit has end point symmetry, the magnitude of the 
currents in resistances AD and CB should be equal. Hence the 
potential difference across these resistances should be same. If 
T be the potential of point C, then the potential of point D 
should be (2 V-x). 


QP 


To calculate unknown potential,let us write KCL at junction C, 
V-x (2V -x)-x x-0 
a P a m _ —D 
R R R 


3y 


pega =, x= 
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Current through battery, 


hong Si +i, +i, =% 420 Vx WV 
R R R R R 

_W 3V isy 

4R R 4R 


Equivalent resistance across terminals A and B is given as 


F n 2V x4 a 8R 
fany l 5y | 5 


2™" Approach: The circuit has end point symmetry. Now we 
can distribute the Currents in different branches as shown in the 
figure. There is no distribution of currents in the resistances AP 
and PB at junction P, hence we can separate these resistances 
from this junction. This will make no change in the calculation 
of effective resistance of the circuit. Now we can calculate the 
effective resistance as shown in figure. 


R = 


eq 


Rog = EE _ 2R 2R 8R 
A (QR+R) 3 Rapor = R+—+ R= E 


A -— M A ~B 
TETE Hp _8R 
R 2R 8R/3 8R 15 


ONGEPT APPLICATION EXERCISE 5.5 


1. Calculate the value of the electric currents 7 jè Lin and I, in 
the given electrical network. 


(a) J =_ (b) LB =_ O 7,=_ 
i P I 
i h ; 
230 S 505 
| Ss > 
+ 6V s 2V 
Q 


2. Find the minimum number of cells required to produce a 
current of 1.5 A through a resistance of 30 Q. Given that 
the emf of each cell is 1.5 V and the internal resistance is 


lQ., 
3. Find the current in each wire. 
n a A 
im T a 14 V 
ie 
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4. Find the (i) effective emf across AB, (ii) current, assuming 


l 
E ey T 


Daal reyien D) iD iw eon tee an a em eins iat 


Jn 


. Find the emf and internal resistance of the equivalent 
cell between A and B. Put £, =6V,r, =2 Q, £, = 4 V, 
r, = 2 Q, and £, =3 V, r,=3 2. 


N 


E] ri 
-——VW 


| 6. Inthe given network, find the: 
12V 


ee: 
> =] 


(a) potential difference between a and b. 
(b) currents in each branch. 

7. In the given circuit in figure, all batteries have emf 10 V 
and internal resistance negligible. All resistors are in 
ohm. Calculate the current in the rightmost 2 Q resistor. 


| 
| 8. In the circuit diagram shown in figure, find the current 


through the 1 Q resistor. 
l 


9. In the given circuit, determine current through branch 
having indicated resistor R,. Given R, = R, =4 Q, R, = R, 
=k; 20,6 =5 V,8,=10V 


Conducting wire 


Conducting wire 


———— a’ 
10. Determine current through batteries €, and E, 
£€=20 V 


R,=5Q 


| 
| 


11. Find the equivalent resistance across terminals 4 and Ba | 
shown in figure. Each resistance in Circuit is R, 


ANSWERS 


TOE 2A (b) A (c) =A 2. 120 


3. eo in os =1A et F to E) 
Current'in BE = 10.5 A (from B to E) 
Current in DE = 11.5 A (from E to D) 


wn 2 
4. (i) —2 V (directed to left) @) 3 —A 


5.2 V,40 

11 1 

6. (a) = SV, ARTA £=25A œ) U <A, 7 Aand258 
5 

T: > 4 8. —A 9.3.75A 

12 2 
10. Current through each battery will be 2 A 11.429 
Nemes 8 ry 


CHARGING AND DISCHARGING 
OF A CAPACITOR THROUGH A 
RESISTANCE 

CHARGING 


Consider an uncharged capacitor C connected to 4 resist 
R through a battery of emf E. Let switch K be closed * 
t= 0. Let at any time ¢, charge on the capacitor be q and cure 
the circuit be J. We want to find the values of q and /. 


Initial conditions: At ¢ = 0, q = 0 C R 
because capacitor is uncharged = ey 
ged at t = 0. pe! 
At any time, / = dg/dt. Applying I j 
Kirchhoff s law at any time, we get | 
E k 
q : 
E =+ IR FANI 
= (1) 
oe poly tl a poets 
C dt at C 


puft [IED] 
gE e R E 
EC~q PRC 1 Jj, RE | 


t 
C-q)-ln EC = -= — 
In(E q) 


or 
R: f E 
r h Be-4) __ or EC q 
" EC RC EC 
or 417 EC{I - g aac] =0(1- e~it) 
= EC is the maximum charge l 
here Q um ge on capacitor 
the time constant or the circuit. Let us find the c "a 
putting t=1 in Eq. (ii), we get 
p= OL) = 00 - e) 


= ofi 1) = a = 0.6320 


So time constant (T) is the time in which charge on the Capacitor 
becomes 63.2% of maximum charge. The variation of charge q 
with time f 1s as shown in the given in figure. 


—t/RC 


=E 


(ii) 
harge at ¢ = q. 


0.632 O|--- 


\ 
1 
1 
l 
\ 
1 
1 
T 


t 


Current or rate of charging: Differentiating Eq. (ii), we get 
7-44 = ol 0-e" B) = Q p-r = EC an 
dt T T RC 


Re =h iii) 
where J, = E/R is the maximum current in the circuit. Let us find 
the current at t = T, putting t = T in Eq. (111), we get 
I= [et ="2 =03681, 
e 

So time constant (T) may also be 
defined as the time in which current 
decreases to 36.8% of its initial 
maximum value. The variation of 
current J with time ¢ is as shown in 07 
figure, 

Notes: 

* Putting t= 0 in Eqs. (ii) and (iii), we get q ~ 0 and J = ly 
Initially, the capacitor is uncharged and the current 18 
maximum. It means when the capacitor 1s uncharged, 
it offers no resistance to the flow of current or capacitor 
behaves like a simple connecting wire (or short-circuited). 
Putting 1 = œ in Eqs. (ii) and (iii), we get q = 2 a 
!= 0. Now the capacitor 1s fully charged and no a 
flows through the circuit. The capacitor here offers infini ; 
Tesistance (or behaves like an open circuit). This WA te 
aS Steady state. In steady state, no current flows throug 

Tanch containing capacitor. as 
Initial rate of charging, i.e., initial current (at t= 0) s b: 
I=] = EIR. Letus see how much time it will take to ¢ k * 
the capacitor if it were to charge with a constant ra 
initial rate of charging. Here total time taken 15 


3681, --> 
0.3 NO 
1 i 


Pa = Electric Current and Circuits 5.41 


This comes out to be equal to one time constant. So time 
constant may also be defined as the time during which the 
charging would have been completed, had the growth rate 
been as it began initially. 

Remember this result of integration: 

cael z 


° a- bx 


= f cat, then x= al -e™ ) 


From Eqs. (ii) and (iii), we can see that 
at t = 0, q = 0, then / = E/R and 
at t = œ, q = Q = EC, then /=0 
* Dimensional formula of t = RC is [7]. 


CHARGING OF THE CAPACITOR— OTHER APPROACH 


Differentiating Eq. (i) with respect to time on both the sides, we 


get 
pat E e 
C dt dt 
or 2 sR a, 
C dt 
eae 
or I” RC 
Integrating both sides, we get 
1 dI l g l 
i koma i @ [nz] ,=—pe El 
In Pa = ss 
I, RC 
I a d 
or A or J= he 


This is same as Eq. (iii) obtained earlier. 


A resistor with resistance 10 MQ is 
connected in series with a capacitor of ("a 
capacitance 1,0 pF and a battery with 

emf 12.0 V. Before the switch is closed 

at time ¢ = 0, the capacitor is uncharged. 

(a) What is the time constant? 


(b) What fraction of the final charge is on the plates at time 


t=20s? | ae 
(c) What fraction of the initial current remains atr= 20 s? 


(a) The time constant is T= RC = 10x 10°x I x 10° = 10s 
(b) The fraction fof the final charge on capacitor is q/Q 


e 2010 —]— l 


-20/10 _ 


o "sg 
I, f 
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An uncharged capacitor is connected to a 15 V battery 
through a resistance of 10 Q. It is found that in a time of 2 us, 
potential difference across the capacitor becomes 5 V. Find the 
capacitance of the capacitor. Take In(1.5) = 0.4. 


We know that charge on the capacitor at any time is given 
by q = Q(1 - e") where Q = EC = 15C. Here charge q at any 
time is given by q = VC where V is potential difference across 
capacitor at that time. Here V= 5 V, so q = 5C. Putting the values, 
we get 

sC=1500 -e "jore = 2/3 


ee t E 2x10% 
~ Rin(3/2) 103/2) 


or 


= 0.5 F 


Consider the circuit shown in figure. Find out the steady-state 
current in the 4 Q resistor. Assume the internal resistance of 
8 V battery to be negligible. 


A 


L The equivalent resistance between points A and B is 


J ae & =1Q 
Ry, 4 4 i 


In steady state, the current will not pass through 0.5 uF 
capacitor as it offers infinite resistance to steady-state current 
or direct current. So the total resistance offered by the circuit 
is 1+3=4Q. 

The current from the battery is /=8/4=2A. Hence, the 
potential difference between points A and B is IX R,.=2V 
Therefore, the current through 4 Q resistor is 2/4 = 0.5A. 


Find out the potential difference between the points x and y in 
figure. - 


24 V 20 
poem fi / ; ais 


4/3 uF 4 uF 

' X 

| —e »-— 
k 


N V / —e— VÀ IV y 


40 ~ D 


Given E=24V,R=2Q, R; =40, R,=6Q, Cay 

C, = 4 pF As the capacitor offers a very high resistance 5 MP 
current in the steady state, So the current is prevented i. he 
through the capacitors. Now, the total resistance in the circuit. 
Ig 


R =RiR PR-2t4 + 6- 12 Q 
cq 
Hence, the net current in the circuit is 


E 2434 
R 12 


cq 
Therefore, the terminal potential difference across is 
AB=24-2x2=20 V. 
Note: As the capacitors and resistances are in parallel 
the potential difference of 20 V is available to both the capacitor 
and the resistors. 


6 
=y =I0%—=12. V 
E 3 10 
_20x4/3_; y 


== A344 - fii) 
From Egs. (i) and (ii), V,- V, = 12 — 5=7V 


Vy 


In the diagram shown in figure, find the potential difference 
between the points A and B and between the points 2 and C in 
the steady state. 


_) Applying Kirchhoff’s law in loop 4OBRCA. we S! 


ie | _ i 
6 z +100=0 or q =150 pC 


a l pF 3 uF L 
== l ÜF 
l uF 
QZ 
—J 
WN 100 V 
Q 6 UF 


pe 


20Q 100 V 


Y 


— 


the potential difference between 4B į 


g re, : S 150/ = i 
The al difference between BC is 100 — 25 = a 25V 
dpo | 
) ven circuit (figure), E, = 3E, ET- V Re 2 
ee 2R, = 4 Q, C=5 pF. Find the cu Eoo 


urrent in R, and th 
o0“ in the capacitor 3 ane the 
stored 1n p . 
energy 


Applying Kirchhoff’s law in ABFGA 
6-(i, + i,)4=0 
Applying Kirchhoff’s law in BCDEFB 
i,x3-3-2+ 2i,+ (+i) 4=0 ii) 


(i) 


Putting the value of 4 (i +i )= 6 in Eq. (ii), we get 
1 
3i,—5 + 2i, +6 =O ori, = -7A 


Substituting this value in Eq. (i), we get 


Therefore, current in R, is 7, + i = 1.5 A. To find the potential 
difference across the capacitor, we have 

V,-2-0.2x2=V, 

Vz- Vo =24V 


Therefore, energy stored in capacitor is 


a 


: z 
| 7C? = 2x5 x10 x (2.4)? = 1.4410 J 


AT BZZ 
Vee ape ni and R, in 
Calculate the current in branches containing Ris R,, and 3 
e circeņi } 
circuit shown in figure. 


e 


SES E E PT AE 
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SH As battery co 


difference ac 


— nnected is an ideal battery, the potential 
SSX, and R, is independent of time and remains 


constant. S . i 
ETEN o © current in them remains constant. Variation in 
nt will occur only in R,. So 


V 
= constant, i, = Lens 
| 


. SV 
where h =— and i, a 


2 R, 


Calculate the current flowing through the capacitor branch in 
the circuit shown in figure, initially and finally. 
: 4Q 


šol. At time t = 0, when the switch is closed it becomes as 


shown in Fig. (a). So the current flowing through the capacitor 
branch is 1 A. When the capacitor is fully charged. i.e., at £ = -, 
the circuit becomes as in Fig. (b). This means that no current 
flows through the capacitor branch. 


ENERGY DISSIPATED WHILE CHARGING 

Total work done by battery in fully charging the capacitor is 
W, = QE but, Q = CE 

Hence W, = (CE)E = CE? 

Final energy stored in the capacitor is 


U=} CE? 
2 


We see that the final energy stored in the capacitor is half of the 
work done by the battery. Now question arises, where the other 
half has gone. It might have been dissipated in the resistor in the 
form of heat. Let us check how much energy ts dissipated in the 
resistor. For this, we have 


H = f, Red = y le" Rdt = R| — ) 


+ 


au 


—12Rr E E) Bie. Ves 
pee 7 -(0- 1) F 2 a 


Hence, the other half is dissipated in the resistor in the form of 

heat. One point to notice here is that final energy dissipated in the 
e s `s. 

resistor İS independent of its value R. 


7 ee 
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Note: In closed loop MNOPM Te $ O 
N 
E=4 IREO 
C I 
P 
= E=2+ IR m ” 


Multiplying Eq. (i) with Z, we get 
r d 7 
EI=1Lr+ PR =LA PR 
C C dt 
The term on the left-hand side is the power supplied by battery, 


which is used in two ways as indicated on right-hand side. The 


qa adja. 
Cdt dt\2C 
which energy is being stored in the capacitor, and second term 
(PR) is the rate of dissipation of energy in the resistor. 


first term on the RHS | indicates the rate at 


A capacitor of capacitance C = 10 uF is connected to a 
resistance R = 2 Q and a battery of emf E = 5 V of negligible 


internal resistance. After 20 us of completing the circuit, find 
G. R 


e 
E 


(a) power delivered by the battery 
(b) power dissipated as heat 
(c) rate of energy stored in the Capacitor 


“Sol. Here C= 10 uF, R=2 Q, E=5 V, time constant, T= RC 


=2 x10 x10*s = 20 ps 
(a) Current at t= 20 us is 


I a E nti 2 > 20/20 = 5 
R 2 2e 
Power delivered by battery is 
E SH E 2-2 46 W 
2e 2e 
(b) Power dissipated as heat is 
2 
P =rR-[Ż] => 17W 
2e 2e 


(c) Energy on the capacitor is 
2 


ad. 
2C 


Rate of energy stored in the capacitor is 
p- -Aa qa pia 
dt 2Cdt Cd G 
_ BC 


a (lee) = El (1 -e""") 


Note: We see that P| = P, + P} 
DISCHARGING OF CAPACITOR 
Consider a capacitor is given a charge Q, and then it is conn 
to a resistor R. Let at £ = 0, switch jg clogs Ecte 
t= 0, q = Q. Let at any time ż¢, charge on the Capacitor ing At 
and 
q 


current in the circuit is Z as shown in 
figure. We want to find q and /. Here 


. . + sa 
I = -dq/dt. Applying Kirchhoffs law, C 
we get 
C aH aa 
O dt 
: ‘dd dt r In 4 =-t/RC 
23 log 7 f, RC ss Q 
or q — Qe 


At t=T, we get q = Qe™" =Q/e = 0.3680 


So time constant (T) may also be defined as the time 
charge decreases to 36.8% of its initial maximum 
a discharging circuit. The variation of charge q with 
shown in figure. 


in which 
Value in 
time ¢ js 


-dq —t/t 
= —— = — e — — 
dt Q í T 


pe = =—e 
T RC R 
(where V = O/C is initial potential of capacitor) 
I= Ie“ (where J, = V/R is the maximum current) 
At t=T, we get I = lew =I, /e= 0.368/, 
So time constant (T) may also be defined as the time in whit? 


current decreases to 36.8% of its initial maximum value 2 


i . . . a 3 : ` is show! 
discharging circuit. The variation of charge Z with time ris ho 
in figure. 


t 


At t = 0, the capacitor is acting as a battery of emf Q f i 
the time passes, the charge on the capacitor decreases an the 
potential difference across the capacitor decreases. Hence, 
Capacitor acts as a battery of decreasing emf. 


ENERGY DISSIPATED WHILE DISCHARGING 


13 
A Gh l . or th 
Let us see how much energy is dissipated in the resistor. Fo 


7 , M 2 2 gon 
H = f I“ Rdt = f (2) e™" Rdt 2 (= 
0 ( 


' { RC RC? \ -2/1 ho 
i T —2t/r %0 RC 1g 
=--2 fean] 2o Q (0-1) 3 C 
RC“ 2 0 RC x2 


«the initial energy stored in the capacitor. Hence, here 


h 1S . a 
nich » of the energy stored in the capacitor is dissipated in the 


ihe "i neat in the resistor. 
for 


i da capacitor are connected 


esistor an R A 
“ow in figure. The capacitor is C 


jgnally given a charge of 5.0 uC and 
0 


a discharged by closing the switch y f 


t20. 
A At what time will the charge be equal to 0.50 uC? 
(b) What is the current at this time? 


(a) For the time f, we have 
f= -RC In 7 =~ 10x 10° x 1.0 x 10% 


u =23s 
5.0 l 
This is 2.3 times the constant RC = 10 s 
b) 0=5.0 uC = 5.010% C 
-6 
Q -urc _ 5.010 07 23/10 
RC 10 


A capacitor charged to 50 V is discharged by connecting the 
two plates. The connections are made at f= 0. Att= 10 ms, the 
potential difference across the plates is found to be 1.0 V. Find 
the potential difference at t = 20 ms. : 


iS =5.0x10°C 


‘Sol We know that in a discharging circuit, charge on the 
“apacitor at any time is given by q = Qe". Because q œ V, so 
‘ame relation can be written in the form of potential difference. 


V=Voe"" where V,=50V 
Given at t= 10 ms, V= 1 V, putting in the above equation 
e li) 
Let at = 


20 ms, V= V,, then 
i i = 50(e7!0™s/: j? 
‘om Eqs. (i) and (ii), 


2 
=s E =0.02 V 
50 


Altern atiy 
p 


(ii) 


Otent; ely: If we take the instant t = 10 ms as ¢ = 0, then 
ig difference at this instant, which is 1 V, becomes Fy 
MWe have to find potential difference at the end of next 10 ms. 
V, =(1.0)e 0m: Gii) 


Fr , 1] 
em Eqs. (i) and (iii), V, = zg V = 0:02 V 


AS 
t lle aT a tts : 
ough 4 wire of resistance 5 Q. Find the heat dissipated in the 
Ire tween 25 us and 50 us after the connections are made. 


HF capacitor having initial charge of 20 pC is discharged 


Electric Current and Circuits 5.45 
“Sol.” T=RC =5x5x10% =25x 10-5s=25 Lis 


Current in the Wire or circuit at any time is given by 


2 
Z -E [gamn = e895) = oe -e*] 
= COY jpa -e* | =4.7x10°J 


eee 


CHARGING A CAPACITOR HAVING SAME 
INITIAL CHARGE 


Consider a situation where a charged capacitor is connected to a 
resistance and a battery. Let initially at ¢ = 0, charge on the 
capacitor is q = q, before it is connected to a source of emf E as 
shown in figure. Let the switch is closed at t = 0, and let at any 
time ¢, charge on the capacitor is q and 
current in the circuit is J; we want to find 
q and J. Applying Kirchhoff s law, we get 


b=44Rmi44%R 


C C dt 
E N ie 
or Erra 
t 
or In(EC-g)|? =-— 
[n(EC-9)}. ea 
EC- t 
ors In APEA 
EC-q,} RC 
EC-=4 — p~/RC 
or EC -4 
or  q=q€" + ECN -e*") (i) 
= EC - (EC - q,)e™" ...{ii) 
EC- -t/t r 
= #c|1-( =}. | (iii) 


The variation of q versus ¢ is shown in figure for two cases: (i) 
EC > qand (ii) EC < qo 


EC> h 
E a gt EC p-r 
dt T t 
m BE“) 
T 
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If EC > q,, I is positive, which means capacitor is charging. 
Capacitor will attain final charge EC and J becomes zero finally. 


If EC < qy J is negative, which means capacitor is discharging. 
Capacitor will attain final charge EC and 7 becomes zero finally. 


Note: Remember the integration 


a a z 
If = ficat, then rat-(2-x)e a 


If x increases from x, to x, exponentially, the x-f equation Is 
x=x, +(x, —x,)(1 - e") 
=y —Kt ~ pkt 
=x,(1-e™) +x, 
In previous derivation, x, = q, and x, = CE; hence, charge as a 
function of time can be written as 


q= Ce(1 = gC) + aoe PO 


»a- TA 


PET SETS | 


x =ayt ale) 


The expression is the 
same as the one we have 
calculated in the previous 
section. Sometimes a physical 
quantity x decreases from x, to 
x,, exponentially, then the x-t 
equation is like 


wsp tp A a 


Here, k is a constant. | fama BG x) e" | 


The capacitor shown in figure has 
been charged to a potential difference 
of V volt so that it carries a charge Ri 
CV with both the switches S, and S, 

remaining open. Switch S, is closed at Pi 

t=0. Att = R,C, switch S, is opened R, 
and S, is closed. Find the charge on the 
capacitor at t = 2R,Ct B,C. 


“Sol. Method 1: First, capacitor will discharge through R.. 
cv 
e 


Now it will be charged through R, + R,. So 


Att =R C, g= CV(ERC/MC) = 


2RC+RC 


dt 
(R +R )C 


j 
qı = q RC 
On solving we get 


q= ce(1-+) 


a a a 
Method 2: Just after opening the switch S,, the charge on the 
capacitor is q, = CV/e. 


t 


cy. 
T 


r(ce-F by ei 
When the switch S, is opened and S, is closed, the capacitor j 
finally charged to q,_,, = CE. Hence, capacitor is charged fromq 
to q; exponentially. In this case, the time after S, is closed is 
At = (2R C+ R,C) - RC = (R,C+ R C) = (R, + R)C 
The time constant af the cieni after switch S, is closed is 
T=(R, + R,)C 
Hence, required value of charge is 


(Rt RIC 
pea (ce Hr wm) 
e e 
a +(ce-FJa-er)- ce{1-+}+ noA 
e e e 


EQUIVALENT TIME CONSTANT 


To find the equivalent time constant of a circuit, the following 
steps are taken: 

(i) Short-circuit the battery. 

(ii) Find net resistance across the capacitor (say R,,.)- 
(iii) To = (RC 


net 


For example, in the circuit shown in figure, afer short- 
circuiting the battery, 3R and 6R are in parallel, so their combine! 
resistance is 

(6R)(3R) 
6R+3R 


Now this 2R is in series with the remaining R. Hence, 
Raw = =2R+R=3R or T= = (R) C=3RC the 
Alternative method of finding current in the circuit and 
charge on the capacitor at any time ¢ a the 
In a complicated C-R circuit, it is easy to find current eì ‘al 
circuit and charge stored in the capacitor at time ! 


t= oo, But to find the current and the charge at time ¢, the 
steps may be taken. 


=2R 


follow st 


(i) Find equivalent time constant (To) of the circuit. 
(ii) Find steady-state charge q, (at time z =e) on the © 
(iii) Charge on the capacitor at any time fis q = q(l-¢ we - 
By differentiating above equation with respect to time," ysi 
find the current through the capacitor at time ¢. Then y 


ee 
xirchhoff’s laws, we can calculate currents in other Parts of the 


jn the given circuit, the switch 

ç is closed at time t = 0. The 

charge Q On the capacitor at § 

any instant t is given by Q(t) = £ 
T e- *). Find the value of Q, + 

and ain terms ofgiven parameters - 

as shown in the circuit in figure. 


Q, is the steady-state charge stored in the capacitor. 


DE ae difference across the capacitor in steady 
state 


= C [steady state current through R] (R,) 
V CVR 

g AEA eee 

R +R, RIER T. CR 


ee ye, 


(a) 


Here. R is the equivalent resistance across capacitor after short- 


net 


circuiting the battery. Thus, 


RR 
R „ =—— (as R, and R, are in parallel) 


R, +R, 
az-— | -Atk 
C RR, CRR 

R +R 


in the circuit shown in figure, the battery is an ideal one, with 
emf V. The capacitor is initially uncharged. The switch S is 
closed at time ¢ = 0. 


(a) Find the charge Q on the capacitor at time t. 
(b) Find the current in AB at time t, what is its limiting value 
as f > oo, 


Si Let at any time t 


A i) R S 
= : N i W 
and ae capacitor C be Q patna 
Ire Z E 
is nts are as shown pE ZR ad 
a gure, Since charge Q ; 
crease with time t, 


(a) Applying Kirchhoff’s second law in the loop MNABM, we 
get | 
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V=(i-i,)R + iR or V=2iR -i,R --(i) 


Similarly applyi . ; : 
; ying Kirchhoff’s second law in loo 
MNSTM, we have i 


y= iR+Ê iR (ii) 


Eliminating i from Eqs. (i) and (ii), we get 


Spa A 
V =34R+ E or zipay —22 ori - 3 (r-2) 
C C C 


3R 


or rary eee dQ _ dt 


d 3R C) y 3R 
C 
lis do t dt 
0 y 20 03R 
C 

This equation gives 

CV , 

= -1 — g7 RC ) 
(b) i = dQ = V unre 
dt 3R 


From Eq. (i), we get 


V+ y oo 2t/3RC 
3 


a V+iR a 
1 OR 2R 
Current through AB is 
s a V V —21/3RC á 
L= = 1 =g = — asi æ 
i ' 2R 6R 2R 


CONCEPT APPLICATION EXERCISE 5.6 


1. Consider the circuit shown in figure. If the switch is closed 
at t= 0, then calculate the values of Z, J,, and /, at 


(b) t= 


(a) t=0 


2. Figure shows three sections of the circuit that are 
to be connected in turn to the same battery via a switch. 
The resistors are all identical, as are capacitors. Rank the 


sections according to 
ne a 


(1) a @e— pl _ 
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(a) the final (equilibrium) charge on the capacitor 


(b) the time required for the capacitor to reach 50% of its 

final charge, greatest first 

3. Determine the current through the battery in the circuit 
shown in figure. 


E S 
C] 
R2 Ci 
+ 
R; R3 


(a) Immediately after the switch S is closed 
(b) After a long time 


_ 4. A varying voltage is applied to the clamps AB as shown 
| in figure such that the voltage across the capacitor plates 
varies as shown in the figure. Plot the time depending on 


voltage across the clamps CD. 


_ 5. Consider the network shown in figure; initially, the switch 
| S, is closed and S, is open. 


302 g 39 


Si d y 


| (a) Calculate VD ws 
(b) When S, is also closed, what is y= Vy 
(i) just after closing (ii) after long time 
6. In the circuit shown in figure, R,= 10,2, =20Q, C= 


] uF, C, =2 HF, and E = 6V, Calculate the charge on each 
Capacitor in the steady state, 


D, 


7. In the circuit shown in figure, switch S is closed at time 
t=0. 


2 L c= 
E 0.50 uF 


(a) What is the current /, leaving the battery at , = 
immediately after the switch is closed? 


| 
| 


(b) What is the current / “long time” later? 


(c) What charge has accumulated on the capacitor after | 
this long time? 

(d) If, finally, switch S is opened again, how long will 
it take after the switch is opened for the capacitor to 
lose 80% of its charge? 


8. For the circuit arrangement shown in figure, 


C= 20 uF 


10 Q 


(a) find the potential difference across each capacttor in 
the steady-state condition. 

(b) find the current through the 60 Q resistor just afer 
the instant when the key K is opened. 

9. Find the potential difference between the plates of the 
capacitor C in the circuit shown in figure. The internal 
resistances of sources can be neglected. 

302 


1 B 
WW po 
[ce 

LV 
ek aa 


20Q wWQ | 
| 


4V 


10. (a) What is the potential difference between points 4 and 
b in figure when switch S is open ? 


V=18V 


) Which point, a or b, is at the higher potential? 
c) What is the final potential of point b when switch S is 
closed? 
(d) How much does the charge on each ca 
when S is closed? 
for a circuit shown in figure switch S, is closed at 
1=0, then at t= (2R, + R,)C, S, is opened and S, is closed. 


pacitor change 


1. 


(a) Find the charge on capacitor at t = (2 R,+ 2R,)C. 


(b) Find current through R, (adjacent to the battery) at 
t= (GR, +2RJC. 


(12. The given R-C circuit has two switches S, and S,. Switch 
S, is closed, and S} is open till the capacitor is fully charged 
to qq. Then S, is opened and S, is closed simultaneously 
till the charge on capacitor remains q,/2 for which it 
takes time t,. Now S, is again opened, and S, is closed till 
charge on copabiter ‘beabines 3q,/4. It dikes time 7, (see 
figure for reference). Find the ratio tbo 


13. The plates of a capacitor of capacitance C are given the 
charges Q, and Q, as shown in figure. Now the switch is 
closed at t = 0. Find the charges on plates after time £. 


14, Only switch S, closed in figure. 


(a) What is the steady-state reading of the voltmeter? 
(b) What is the charge on the 3 pF capacitor? 


(c) How much power does the 12 V battery supply in the 
steady state after all the switches are closed‘ 


(d) What is the charge on 2 pF capacitor? 
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| ANSWERS 


L. (a) 1, =0,/ =1, == (b) I, =0,/= i= 
R, Ek 

3. (a) E/R (b) E/R, + R, 

5. (a) 8 V (b) (i) 0, (ii) 8 V 6.2 uC, 12 uC 

7. (a) 0.5 A (b) 1/6 A (c) 10/3 HC (d) 20 > 104 In (5) 


8. (a) V, =3 V, V, = 6 V (b) 0.0375 A 9.-1V 
10. (a) 18 V (b) Point a (c) 6 V (d) 54 uC, -36 pC 
CE (e-1) , 
11. (a) a (b) No current in R, 12. 1/3 
e 


K a ra a 


14. (a) 0 (zero) (b) 36 uC (©) < — Ow (d) Z ac 


l Solved Examples Il 


A EEE Capacitor C is C discharged through a resistance R 
by. putting switch S in Toton 1 of the circuit as shown m 
figure. When the discharge current reduces to i,. the switch is 
suddenly shifted to position 
2. Calculate the amount of 
heat liberated i in resistor R 
starting from this instant. 
Also calculate current 7 
through the circuit as a 
function of time. 


(Sol) Let the charge on capacitor C, be q, when the switch 
was shifted from position | to position 2 2 . Just before shifting of 
switch, the circuit was as shown in Fig. (a). 
l 2 
I 
Ci T (go-9) | 
_ L+ 


< Y—C 
SR — 


q C 
o oe = O0or Jo = 1, RC \ 


When the switch is shifted from position l to position 2, the 
capacitor C, continues to be discharged while C, starts charging. 
Let at time 4, after shitting of switch to position 2, charge on 
capacitor C, be q and let current through the circuit be J. 
Therefore, charge remaining on C ts equal to (q, - q) as shown in 
Fig. (b). Applying Kirchhoffs voltage law on the circuit shown 
in Fig. (b), we get 
Me ie IR (Yo -4) = 


2 l 


oy» 
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o i eo _ (oC = 9Cx) = 1G 
Ct GC, 


But current, 7 = dq/dt (rate of increase of charge on C,) 


or Ra AS -q(C, +C) 


ue? CC; 
dq dt 
or =F 
C — UC, + Cy) RG xC 
But at 1= 0, q =0, 
le dq E f dt 
0 C -aG +C) ORGO 


From the above equation, we get 
{oso +G, e) 
= GO J-e RGG 
G+tC, 
Substituting 4} =1,RC,, we get 


Rae {x8} 
1%2 l-e RCC, 


=f, 
1 "C+G 
But current 
(G+G i 
dq RCC, 
I=—= he 
dt 


In a steady state, the common potential difference across 
capacitors is given by 


0+0 RG {sing y- the 
G+G GtG, C+, 
Initially energy stored in C, was 
2 
u, =- = PRC 
20, 2 
In steady state, energy stored in two capacitors is 
2 2 p22 
U; -loric - i +J DR'C, _ 0 G Ci 
2 2 2 | (C,+C,) 2(C,+C,) 


Heat generated across resistor R is equal to the loss of energy 
stored in capacitors during redistribution of charge, i.e., 


_ LORS, 


A part of a circuit is in steady state along with the current 
flowing in the branches, Value of each resistance is shown in 
figure. Calculate the energy stored in the capacitor C (4 uF), 


TR Appii Karcthots first law at junction M, we get the 
current 7, =3 A. Applying Kirchhoff’s first law at junction P, we 


get the current J, =1A. 


a 
AAW Í 

Im N 

lei cial | 
C ia Zig 
3 | 

4 huwt ZMW INNS- 
2A IQ 29 

= 30 


Moving the loop from MNOP, we get 
re eae tae ta Vor Vy- Vp= 61, + 2L,=20V 
Energy stored in the capacitor is 


l 


bi e = 5 x4x 10-6 «2020 = 8x10" J 
2 


An infinite ladder network of resistance is constructed with 
1 Q and 2 Q resistances, as shown in figure. 


1Q 1Q 
is Sl / WA TE V AM Ar 
6V 2Q 2Q 


207 2 Q 
< 


B 
The 6 V battery between A and B has negligible intemal 
resistance. 
(i) Show that the effective resistance between 4 and 3 is 
20., 
(ii) What is the current that passes through the 2 Q resistance 
nearest to the battery? 


Sol. Let the effective resistance between points C and D bes. 
then the circuit can be redrawn as shown in figure. 


1Q 
MM AMA WAT ------ WWWA T] 
pert Pts 
6V [eS sf sv©— 202% ks 
pr T 
B dD  S am B 
The effective resistance between 4 and B is 
%,- Pp 
R =e os 
eq R+ 


This resistance R, can be taken as R because if we add om 
identical item in infinite item, then the result will be the same 
Therefore, 


9 


~ 


ae RorR+2 

= AK or +2R=R2+2 
R412 2R=R-+2R 
or =R?-R-2=Oor(R+1)(R-2) =O or R=22 
Now we can simplify the circuit by joining 2 Q resistance 
across C and D. 


| + 


parallel 


Aa Se E 
il2 
6V 29 29 | 
il2 
B D F 
gre current supplied by battery 
aA 
2 


gnis current will be divided equally in the resistances connected 
across CD and EF. 


uence current is the resistance connected across C and D. 


‘The circuit diagram shown in the figure consists of a large 
“number of elements (each element has two resistors R, and 
R). The resistance of the resistors in each subsequent element 
differs by a factor of k= 1/2 from the resistance of the resistors 
inprevious elements. Find the equivalent resistance between A 
and B shown in figure. 


R IR TER, JER: 


‘Sol When each element of circuit is multiplied by a factor 
k, then equivalent resistance also becomes k times. Let the 
equivalent resistance between A and B be x. 


>, 
x 
U l 
R, kR, KR, KR, 
A Aw i a 
R ; + KRE IR, Š KR, KR, 
B ee 
e $$ $_—__—_—_———_r 
kX 


So the equivalent circuit becomes 


A 
yO R T T 
Vp 


Equivalent resistance across A and B 


Ry =X =p 4 R(X) 
| R, + (KX) 
KX? + RX = RR, + KR,X + KR,X il) 
As l 


— 
=~ — 


N 2 
Ow Eq. (i) becomes 


x? +(R, - R)X —2RR, =O 


> ge Rey R HRR, 


2 


Ory _(R-R)+ JRF Rt ORR, 


2 


_Tesistance R= 4 Q, A batte 
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Each component in the infinite network shown in figure has a 
ry ofemf 1 V and negligible internal 


resistance is connected between any two neighboring points 


say X and Y, 
1 I 1 1 I 
ree I R i | R 
---- EMME WMM —t--- = 
R > Z = Š 
R 3% p BR p Šg Š 
i t~m wmit- 
> a d 
SRp SR p ŠR oR ŠR} = 
Wt Foto 
< < = 
SRR ZR R ŠRR ŽRR 2 
oe TANN 1 en 
ZR SR SR ‘SR ZR 
S RIS R |S = 
----5 MM MNAM ---- 
R = $ Š 
R.S r JS p [2z P 


= R =& 
I 
I 


ee mwm =m — wm Hm ---- 


lV 
(i) Find current shown by the ammeter. 
(ii) If the resistance R between_X and Y is removed, then find 
current shown by ammeter. 


f | Understanding of symmetry and superposition could 
greatly help in solving the given circuit. A battery is connected 
between any two neighboring points X and Y. Consider first 
the distribution of current at X as shown in Fig. (a). A current 
I enters the circuit at X and distributes in the infinite network. 
By symmetry, the current will be divided equally in the four 
resistances connected to X. This is because of the mutual 
equivalence of the four possible directions in which the current 
distributes at X. 


> 
WWW 


SY Sr Sr = 
a 1 & i i 
sa KWM wmv 


< 
R 
MAA n 
LAAN iar 


(a) 


R 
a i, ee 


oR Et oR | 
eer ' AMM — A= \\ 
T ji W T 


ZR ZR 


= 

R R UV4wl/4 R 
AWA AREA eee 
f : < 


< 
> 


A 
A 


SR R 
E 

< z 
< _ 
i 

Í 


R R 
pae Lanm 


(b) 
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Now consider the neighboring point Y, which is connected to the 
negative terminal of the battery. By symmetry and independence 
of our earlier discussion, if a current Z has to leave the circuit at 
Y, currents each 7/4 will be directed toward B through the four 
resistors connected to Y, as shown in Fig. (b). 

Let us now superpose the two cases so that a current / enters at 
X and leaves at Y. Superposition of Figs. (a) and (b) is shown in 
Fig. (c). In the resistance R between X and Y, the two currents in 
Figs. (a) and (b), being in the same direction, add up and a total 
current 7/2 passes through it. Thus, current / divides at X such that 
1/2 goes through this R and the remaining 7/2 through the rest of 
circuit, and at Y, these currents are combined resulting in current 
I leaving the network. 

It implies that we can consider the network to consist of two 
resistances connected in parallel between X and Y. One of these is 
the resistance R between X and Y, and the other is the equivalent 
resistance of the rest of circuit. This is shown in Fig. (a). 


~x 
x 


V 
(b) 
From Fig. (a), we have 
Ps p 
2 


And from Fig. (b), we have 


V= IR 
eq 
I 
IR,.=—R 
Rea 2 
R 
or = — 
2 


Hence, the equivalent resistance of the network between X and 
Y or any two neighboring points is R/2. 


V 
V =IR, [s= 
q? 
Rog 
R 2V 
Reg = 53 s 


Given V=1 V and R=4Q 


fa a0sA 
4 


In the circuit shown in figure, calculate charge on capacitors C 
and C, in steady state. l 


C, E 4%; R 8 Q, R =5 
A Bit ti G D l > Q, 
E55 V re 
4 E, = 24V,r,=3 
R, E,=14V,and 
7 n= Zi 
F E 


Sol. In steady state, no current flows through Capacitors: 
therefore, there are four unknown quantities in the given circuit: 
(i) current in left mesh ABGHA 
(ii) current in right mesh CDEFC 
(iii) charge q, on capacitor C, 
(iv) charge q, on capacitor C, 


But by applying Kirchhoffs voltage law, three unique 
equations can be formed. At steady state, no current passes 
through capacitor branches. In an isolated system, net charge 
should be zero, i.e., the sum of charges on plates is zero. Hence. 
charge on both capacitors should be equal. So 


qd, =q, =q (say) 


EUEN Sones 


i Isolated | 
| system 


Considering this fact, in steady state, circuit will be as show” 
in figure. Applying Kirchhoff’s voltage law in mesh ABGHA | 
we get 

IR +r, -E,=0 
or J1,=0.5A 

For mesh CDEFC, 

ir; —E, + LR, =0 
or L =3A | 
Now applying Kirchhoff’s voltage law in mesh BCFGB, W° ge 


q 
+—+E,-LR,44_ 
G a I ae I,R,=0 


or q=10uC 


ze the circuit, find the charge in capacitors C,, C,, and 
en dy state. 
G! 


In steady state, no current flows through capacitor. 
Therefore. to calculate current in resistors, the circuit can be 
alyzed after removing capacitors. 

Let in steady state, a discharging current (/, + Z,) flow through 
v4 V battery. Current distribution (according to Kirchhoff’s 
urent law) will be as shown in figure. 


3 
T+) So | 


G Q 
IQ) 20 L 
WLW 
Applying Kirchhoff’s voltage law on left mesh, we get 
of, + 137, + 10, + £)-24=0 


© 22.+1,=24 itt) 
For right mash, 

SI, +21, +1 +1, + 21- 131, -8/,=0 
or 101, — 217, +1=0 ..(ii) 


From Egs. (i) and (ii), we get 
I =]amp and I, =2 amp 
lf in steady state the charges on | pF and 3 pF capacitors are q, 


and q,, respectively, then the charge on 2 pF capacitor will be q, 
~4,, Hence, in steady state, the circuit will be as shown in figure. 


52 i, 2Q pr 
Ni— e 
4 i 
4, —— 3 pF IV 
4, 
I EEE K t. 
— ‘ 
a | S 
(4,4 4) | 2u Sip 
NWF 


Applying Kirchhoff’s voltage law on mesh BCKJB, 


5,42 _ 4 _g7=0 (i) 
3 1 
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For mesh JKFGJ, 

+ 
N Mato) 


+ 21-131, =0 


(IV) 


In Eqs. (iii) and (iv), substituting I=] Aand [, =2 A, we get 
q,=4uC and q,=6uC 


Identical resistors each of resistance r are connected as shown 
in figure. Calculate equivalent resistance between A and E. 


EN i F 
G 


“Sol. ~ Method 1::Let the potentials of nodes 4 and B be V and 
O, respectively. 


From symmetry, it is clear that the current in the resistances 
AB and AH will be same. Similarly, the current in resistances DE 
and FE will be same. Hence, potential difference across these 
resistances will be same. 

Let the potentials of points D and F be x, then the potentials 
of nodes B and H will be (V — x). The potential difference across 
the resistances BH and DF is zero. The net resistance can be 
given as Roq = VII. 

Nodal equation at A is 
a! - (I ay -(I ~X)_ oN 


f r r r ap 
Nodal equation at B is 

(V=x)-F (Y=-x)—x . (V-x)-x 

~ am t id 


From (i) and (it), 
n 
1=2(27] or l r R. 
r\12 l Š i 
Method 2; If a battery of emt V is connected across 4 and £E. 
circuit becomes as shown in figure. Therefore, currents in 4B. 
AH, DE, and FE are identical (/,, say). 

Currents in BD and HF are identical to each other 
(/,, say). Currents in BF and HD are identical to each other 
(/,, say). No current flows through BH and DF. Hence, currents 
through different resistors will be as shown in figure. Applying 
Kirchhoff’s voltage law at junction B. we get 


a o 
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R (i) 
=+, 


Applying Kirchhoff’s voltage law on mesh BFHB, we get 
lr- Er L=0 or 3/,=2/) (il) 


Now applying Kirchhoff’s voltage law on mesh AHFEJKA, we 
get 


2 a 
Irtd, (Er}+ 4-1 =0 (iii) 


From Eas. (i) and (ii), we get i LSL and J, = Pod dys 
Substituting these values in Eq. (iii), we get 


V 
6r=V or —=6r 
I; 
Total current drawn from battery is J = 2/, = 54. Therefore, 
equivalent resistance is 


a or 


5], 5 


If a battery of emf 8 V and negligible internal resistance is 
connected between terminals P and Q of the circuit shown in 
figure, calculate the current through 2.5 Q resistance and hence 
calculate the equivalent resistance of the circuit. 

100 


§2 3 


NSD) Let the current drawn by the circuit from battery be 
J =(J, + I) and current distribution be as shown in figure. 


(+14) xX 


E=8V 
Applying Kirchhoff’s voltage law in mesh BCMKB, 


10(1, — 4) — 153 + L,) — 254, = 0 Ai) 


Applying Kirchhoff’s voltage law in mesh ABKLGHA, 
Applying Kirchhoff’s voltage law in mesh LMCDEFGL, 
Applying Kirchhoff’s voltage law in mesh PJHFNOXYP, 
From above equations, 
L=L=\A 
1 *2 
,=0.2A 
i= | 
Total current drawn from battery 1s [=1,+1,=2A. Therefore 
equivalent resistance 1S 


Note: Given circuit can also be drawn as shown in figure. Now 
10 Q resistance is in parallel with a Wheatstone bridge. 


= _ + £ | 


Find the resistance R,, of the 
frame made of a thin wire. Assume 
that the number of successively 
embedded equilateral triangles 
(with sides decreasing to half) 
tends to infinity (see figure). r 
Side AB is equal to a, and the 
resistance per unit length of wire is À. 


"So. Let R,, =x be equivalent resistance of system between + 
and B. As the resistance of a conductor is directly proporuea® 
to length, the equivalent resistance between 4, and 8, will be 
x/2. Therefore, the equivalent circuit C 
becomes as given in figure. Effective i 
resistance of 2r and x/2 is 


X y 
2y B 
= p PEA A Lw 
ee eel 2 \ 


x : y kY 
jph Art £. 3 
2 > \ 
Now R, is in series with 44, and BB; 
therefore, their effective resistance is 


R 3 rx 
u FP = +2r 
dr +x 


’ . . « ante 
R, is in parallel with 27 (of AB), so the net effective resistin 
across AB is 
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| ge i 
a —4r+ 16r? +4x3x 8,2 
_ 8r? = 0 or x = ——— rr 
| gt tare 8 2x3 


ot be negative, We have 


0 
cant 
| ape Gr? +96"? _ V7 -2) | 
a Ta 


r 6 3 
l g0 
pul gr= ah orr= "5 
7-1 
| ASH) 84 05501 
o g 2 
| pame given circuit in figure, all batteries have emf 10 V 


and internal resistance negligible. All resistors are in ohm. 


| jn th 
calculate the current in the rightmost 2 Q resistor. 


j x 
a i 


E ao 
| 
g 
| 
| 


22 


BED The simplified circuit is shown in figure. We have to 
find I. 


x (assume) 


Let the potential of point P be zero. Potential at other points is 
stown in figure. Applying Kirchhoff s current law at x, we get 


_ B B _ 35 
ï l0 x 10 x 20 & U goire y 


4 2 4 
2-2 25 

| Cee S 
4 | 


Consider an infinite ladder of network shown in figure. A 
oltage is applied between points A and B. If the voltage 1s 
WVed after each section, find the ratio of R/R, 


Ri Ri R; Ri Ri 


Seek 


lt a j 7 

f this Infinite ladder is terminated by a resistance, then find 

à i Value of the resistance such that the equivalent resistance 
the ladder between A and B becomes independent of the 


er of the sections in betweeen. 


A 


derrrsannnreni 


TETT 


Soi Voltage across AB is V, voltage across A’B’ is V/2 
1.€., voltage across R, is V/2. 


A j Ri æ R y Ri 


| V2 in vi4 VIB 
RŽ vn Ro= vid Ro 


po oJ f ft 


B’ 


Now from Kirchhoff’s law, it is obvious that voltage across R, is 


N 
Nis 

N 
N|— 


The equivalent resistance of the given infinite ladder between A 
and B becomes independent of the number of units in between. 
It means, if we remove all the resistances, other than terminal 
resistance ‘R’, the equivalent resistance across A and B should 
also be ‘R,’. Here the repeating unit is shown in Fig. (a). If 
we connect one unit across A and B, as shown in Fig. (b) the 
equivalent resistance across A and B should remain ‘Ry - 


Ri 
A a 
R, 
B = 
(a) 
R 
R’=R, =R, + mS 
R, + R, 
R, is in series with it, so equivalent resistance between A and B is 
R, =R, + BoR 
R +R, 
According to proposition R, =R, + RR, 
R, +R, 


Solving for R,, we get R, = al rs f + R) 


Thus, the circuit may be terminated after a few sections if 
resistance R, 1s connected in parallel as shown in figure. 


Analyze the circuit given in figure in the steady-state condition. 
Charge on the capacitor in this state is q, = 16 uC. 
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(a) Find the current in each branch. 


(b) Find the emf of the battery. 2 e 

(c) If in the beginning, the battery 1s removed an a i 
A and C are shortened, then find the duration in whic 
charge on the capacitor becomes 5.92 uC. 


“Sol. For parts (a) and (b), we have 
(i—i) B 


NW 
—_e__ 
3Q (i-i) 


For BAD, V, + Xi- i) + I- i)-4i= Fp 
o 3i-7i,=-4 
For BCD, V,- 6(i- i) + 4i, = F 

6i — 107, =4 ori, =3 A= 17/3 A 
Current in AC =i, = 3A. In ABC, i- i, = 8/3 A 


acl) 

4 4545 44) =3i. +4i E 

c i tits = a ta ...(11) 

P. EPE de " 
o g5? 3i, + 41, = 61, + 41, ..-(111) 


From Eqs. (ii) and (iii), we have 67, = 3i, or i, = 2i, 


Solve to get ee a q =q, e" 


4C dt 4C 


or 5.92= l6e #4" or t= 16 us 


In the circuit shown in figure, C is a 
parallel plate air capacitor having plate 
of area A = 50 cm? each and distance 

| d = mm apart, R, R, and R, are resistors 
having resistances 2 2 O, and 1 0 
respectively. Two identical sources each of 
emf Vand of negligible internal resistance are 
connected as shown in figure. If a dielectric 
strength of air is E, = 3 x 106 Vm"! 
safe value of V. 


, calculate the maximum 


© Due to noces currents flow through resistance 

Ris R, and R, ane capacitor gets charged. Due to charge. a 

electric field is established in the capacitor whose ef itude 
e 


cannot exceed dielectric strength E, of air. Maximum 
y corresponds to the maximum possible 
citor. Let the maximum possible charge öh 
Then the electric field inside the capacitor i 


safe value of 
charge on capa 
capacitor be qo 
E= 4% / AE; 


where q, = A&E, = 15,000€, and C = £, A/d=5é, farad. 
Since, in steady state, no current flows through the capacitor, 
current through various parts of the circuit will be as shown in 
figure. Now we analyze the circuit in a steady state. First applying 
Kirchhoff s voltage law on mesh ABJA, we get 
Lay Py RG, =p) 0 o 2L—31,--! ff 
For mesh AJDFGA, 


-R —I,)-R, + V=003 -=F Gi) 
l P 7V 5V 
From Eqs. (i) and (ii): /, = T and I, = aa 
Now applying Kirchhoff’s voltage law on mesh BDJB, we get 
q 4CV 20 
ree =0 or q= a Ta, 


But the maximum possible value of q is g, = 15,000 &. Therefore. 
the maximum safe value of V is 11q,/20£, = 8250 V = 8.25 KV. 


The circuit shown in figure is in steady state. 


ais a 


| | TuE — 
ur Ê 2h 
29 ER 
Nna | 
10V | 


(i) Find the energy stored in the capacitors shown in figu 
(ii) Find the rate at which battery supplies energy- 


; , è 
So Since, in steady state, no current flows through 


we | i y ` 
capacitors, the current through 1 Q resistor becomes a 
Current through resistors and charge on capacitors will be 


fa? 


shown in figure. â 
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| oni nesh MACDA, we get 


wing -10=0 or J=1A ; ” 
ply parat H The switch S is closed at t = 0. C, 


Jl i h ia 
qı = . _ The capacitor C is uncharged 
g-t- na 9 8 4 = 16 NC P ge = 
jABM: 10 2x10~° H but C, has a charge q, at t = A, 
| sh ae y a2 
es j 0. Calculate the current i(f) in E 
„BDM: -710% 2I=0 or q,=-4pC the circuit. | á | 
es 


q; 
. 3] — SS or = . 1 
| en MDCNM: 2I + (1x106) g= i SG) Let q, and q be the instantaneous charges on C, and C, 
| m N respectively. Applying KVL to the circuit, we have 
„sto red in capacitors 1S dy q 
pers) f 5 Š D lyse 
q qi q) g; C 
[= 55 = 50x10) 2x(2x10) + 4 
U=25C 2x(2x10°) 2x(2x10®°) 2x(1x10) Differentiating this equation, we get 


1d ld pd 
CG dt Cdt dt 


C+C di 
or i Lps s-re or i ræ E 
G C dt CCo dt 


=80.5x 10° J -0 


| pr of supply of energy is P= EI=10X1=10W 
we at 


i arallel plate capacitor of i 
Consider a P ; oe _ dh _ dq 
capacitance C with partially conducting where i = — = 
medium between its plates having % l dt dt 
, sistance Re. If this capacitor is R or Integrating this expression, we have 
smected to a battery of emf € and a Oo 4% dt a 
sistor R as shown in Apts, find : fos >= f RC, or [log i} = ~ RC, 

(a) charge on the capacitor as a function S b aie, 
of time. or it) =e ---(i1) 
b) current through R as a function of time. where i, is the initial current. 
So The equivalent circuit can C pues RES ae ee % ) |p (id 
» drawn as shown. Applying © ° G 
Kirchhoffs law for the two loops ii CON o. : 
° from Eq. to Eq. (1), we get 
G-i)R-+iR=€ E w r Substituting i, from Eq. (ii) into Eq (1) g 
, z fae EG 
q o. . l i i(t) = [Fal (a) , where Cq = eae! Se 
eo ae ..-(11) R (C+) 
Er ‘ oe $ 
Eliminating i between (i) and (ii), BO as 
we get Rien i 
The circuit shown in figure extends to the right into infinity. 
Ze í r z +įR=€ Each battery has the electromotive force V (unknown) and the 
C Re internal resistance r (known). Each resistor has the resistance 
4r. The reading of the ideal ammeter shown in the diagram is 
For capacitor C. dg _ i I. Find the value of V in terms of 7 and r. 
| dt 4r 4r 4r 
R — 
dy _CE-q(1 +0) [wher a= 
| dt RC Rc 
| Solvi ——Kr -—Er -=—Er 
„| oiving, We get 
i = L — gO +o IRC ) --- 
5 l+a@ ; 
Ad ding T SA Let net emf and net resistance across CD be E and R, 
h li), we get a rhen net emf and resistance across 4B will also 
, CE =4 ve L and R. 
~+iR=E or je] SS 


C RC 


Suber o 


E l 
| ees j= = —1(14+a)/RC | 
‘| ia j 


5.58 Electrostatics and Current Electricity _ 


Calculating the value of R and E from Fig. (a) or E(R + 5r) = Er +V(R+ 4r) 


R= l = _(R+4r)r or E(R+4r)=V(R+4r) or E=V 
l] (R + 5r) ino Jead ER VR 
6° {= = E a E 
r (R+4r) R+4r 4P 4P 
R? +5rR=rR +4 > R +4rR=4r 4r21 
Pe or R= 7 
r ‘ 
(R + 4r) = — ih) 2 2 
, | 4I 4 V 
ý From (i) and (i11), Y 44 = A V=— 
EV V 4r°I I 
and RF 4r F 2 
a or 4r’ + 4rV = — 
+- I 
R+4r r 
Er+V(R+4r) Er+V(R+4r) or  V?-4rIV -4P =0 or V=21r(1+:v2) 


r+R+4r r+5r 


. alent resistance between A and B in jw- 
f 8r/7 (2) 7r/8 r$ w Š, 

37/4 (4) r SS | 
ue wimg 


}, Each of the resistors shown in figure has resistance R. Find 
the equivalent resistance between 4 and B. 


B 

< N 

WD = A 
TR 5R 
Los a es 
0-7 (2) 5 
~ OR 11R 
a A 4) — 
-7 oo aw 


3. Find the equivalent resistance between 4 and Æ (resistance 
of each resistor is R). 


B I 
F 
A on eae 
nH 
i oD 
7 > 
iy. — —R 
OBR GET 
7 8 
(3) — 2R 
) Ti (4) 13 


4. The circuit shown has resistors of equal resistance R. F ind 
the equivalent resistance between A and B, when the key is 
Closed. 


B 
lIR 13R 
(iy 13R 
12 (2) 12 
5R 
@) 2 15K 
) 5 (4) T 
5. In the circuit shown, current through 25 V cell 1s 
lov} svi 2vi{ 30V wien” 


Lk 


T 
sas ~ Šia 2 


(1) 7.2A 


2) 10A 
(3) 12A A 


(4) 14.2 A 


6. The equivalent resistance between A and B in the network in 


figure is 


4 
(I) z Q 


3 
(2) 5a 


(3)3 Q (4)29 


7. In the part of a circuit shown in figure, the potential 


10. 


— 


Il, 


difference (V, — V) between points G and H will be 


Gaa AA 
40 T. 5V = 
3V ag b 
Hi y 
()0V (2) 15 V 
(3)7 V (4)3 V 


. N identical cells are connected to form a battery. When 


the terminals of the battery are joined directly (short- 

circuited), current J flows in the circuit. To obtain the 

maximum value of /, 

(1) all the cells should be joined in series 

(2) all the cells should be joined in parallel 

(3) two rows of N/2 cells each should be joined in parallel 

(4) VN rows of VN cells each should be joined in parallel. 
given that VN is an integer 


. n identical cells, each of emf € and internal resistance r, are 


joined in series to form a closed circuit. One cell 4 is joined 
with reversed polarity. The potential difference across each 
cell, except A, is 


mj vm. 
n 


n 


n 
E 


n—2 2 
(3) — e (4) e E 
n n-? 


In question 9, the potential difference across A is 


0) 2 


(2) s(1-4) 

n n 

(3) ze(1-5) (4) (2) 
n n 


What resistor should be connected in parallel with the 20 Q 
resistor in branch ADC in the Circuit shown in figure so that 
potential difference between B and D may be zero? 


ay a 


5.60 Electrostatics and Current Electricity 


14 V 
2002 g 102 
A C 
202 P 52 
(1) 20 Q (2) 10 
(3)5Q (4)5Q 
12. Find out the value of resistance R in figure. 
102 
120 V 100 Q R 100 V 
(1) 100 Q (2) 200 2 
(3) 50Q (4) 150 Q 


13. In figure, find the value of resistor to be connected between C 
and D, so that the resistance of the entire circuit between A 
and B does not change with the number of elementary sets. 


A R f R 


B R 
(1) R (2) R3 -1 
(3) 3R (4) R(V3 +1) 
14. A wire of length L and three identical cells of negligible 


internal resistances are connected in series. Due to the 
current, the temperature of the wire is raised by AT in a time 
t. A number N of similar cells is now connected in series 
with a wire of the same material and cross section but of 
length 2 L. The temperature of the wire is raised by the same 
amount AT in the same time t. The value of N is 
(1) 4 (2) 6 
(3) 8 (4) 9 

15. The equivalent resistance between points A and B in 
figure at steady state will be 


Ro=r 


(2) i, 


(4) none of these 


16. What is the charge stored on each capacitor C, and C, in the 


circuit shown in figure? 


6Q. a 3Q 
——e—wwwv 


12 V 3Q 
(1) 6 uC, 6 uC (2) 6 uC, 3 wC 
(3) 3 uC, 6 uC (4) 3 uC, 3 uC 
17. In the circuit shown in figure, find the maximum 
energy stored on the capacitor. Initially, the capacitor wag 


uncharged. 
WW 
$ e 
302 10V 10Q 10a 
C=2 uF 60 V 
ww — HA —< 
3 Q 10 Q 
(1) 150 uC (2) 100 uC 
(3) 50 uC (4) zero 


18. In the circuit shown in figure, the cell is ideal with 
emf 15 V. Each resistance is of 3 Q. The potential difference 
across the capacitor in steady state is 

R=3 C= 3 uF 


WAM 


(1) 0 (2)9V 
(3) 12V (4) 15V 

19. Sixteen resistors, each of resistance 16 Q, are connected in 
the circuit as shown in figure. The net resistance between A 
and B is 
(1) 1 (2)2.Q 
(3) 3 Q (4) Q 


A B 


large 
). The 
ffers 


20. The circuit diagram shown in figure consists of a 
number of elements (each element has two resistors 
resistance of the resistors in each subsequent element di 
by a factor of K =1/2 from the resistances of the resistors " 
the previous elements. The equivalent resistance between 
and B shown in figure is 


Ry KR KR, KR 


Electric Current and Circuits 5.61 
| A-A 25. To get maximum current through a resistance of 2.5 Q, 
| () "5 One can use m rows of cells, each row having n cells. The 

internal resistance of each cell is 0.5 Q. Wh 
E GRR In is 0. . What are the values 

a) Qh of n and m, if the total number of cells is 45. 

(1) 3, 15 (2) 5,6 
(R-R,)+ VR +R, + ORR, (3) 9, 5 (4) 15,3 

3) 7 26. In the given circuit, with steady current, the potential of 


4) none of these point A must be 


af, The resistance of all the wires between any two adjacent 
| oe is R. The equivalent resistance between 4 and B as 
shown in figure is 


| 10Q 


A 
l 
12V 20Q 
(1) 1V (2)3 V 
B (3)4 V (4)2V 
27. If the potential difference between 
7 2) 7 R A and D is V, what will be potential 
(1) =" ( 6 difference between F and C. Each of 
14 the resistance is R. 
(3) —R (4) none of these (1) V/3 (2) V/4 
i ee | (3) Vi6 (4) VI8 
22. There is an infinite bil a grid with cells in the form of 28. The current enters at A and leaves at F. The values of 
equilateral triangles. The resistance of each wire between some resistances are shown. What should be the value of 
neighboring joint connections is R, The net resistance of resistance AB so that no current will flow through CB? 
the whole grid between the points 4 and B as shown in 3, 
figure is F 
L\J\I\/VLAAN 
Z VAASA AA 
AAKSAAASAA 
INN INVINVININANX 
R, 
(1) R, (2) 
(3) % (4) Bo | (1) (2)e 
3 4 7 
23. For the circuit shown in figure, the equivalent resistance (3) B R 
between 4 and C is 3 
B r r C 29. The current enters at Æ and 
comes out at D. Some of the 
r resistances are shown. What 
r á should be resistance of wire CB 
š so that it draws double of the 
A D -= current that enters the wire BF. 
2 13 l (2r 2) ($) 
14 15 7 3 
Ean (4) —r (2) 4 3) 
| 11 T (3) 9 R (4) 50 R 


24. In the Circuit shown, switch S is 
Closed at t= 0. Let i, and i, be the 
Currents at any finite time 7, then , 
the ratio i ies 


30. Find the equivalent resistance between A and B. Each 
resistor has same resistance R. 
C E 


A Mio B 
(3) decreases with time 
(4) first increases and then decreases 
AA 


(1) is constant 
(2) increases with time 


. . . ee 
in figure is in steady state. The energy 


5.62 Electrostatics and Current Electricity . 
35. The capacitor shown 
8 6 d in the capacitor is 
= —R stored ın | 
(1) ZR Q) | p : 
7 4 
D5 Ai Vw 
©) 5 - G 5 a ASS 
31. Find the potential difference across Cy I a . 
C,= 6 pF (1) CPR? (2) 2CPR? 
B (3) 4CP?R? (4) none of these 
40 36. Charge on the capacitor having = C ` 
capacitance C, in steady state 
; R 
A (figure) 1s 
(1) Zero R 
GION 
(3) C,V a 
(1) 6V 4) CV Ci y 
(3) zero Ae ee as ne hue os 
32. The given infinite grid consists of hexagonal cells of six 37. An 80 uC charge is given to the 4 u? capacitor in the 
resistors each of resistance R. Then R,, = circuit shown in figure so that the upper plate A is positively 
ý charged. An unknown resistance R is connected in the left 
limb. As soon as the switch S in the central limb is closed, 
a current of 2 A flows through the 2 Q resistor in the central 
à r limb. The capacitive time constant for the circuit is 
ji 7 (2) = 
a) 3 3 
» 4R p 3R 
6) 3 Gi 
33. In the given circuit, find the potential difference across the 
6 uF capacitor in steady state. (130 js (2) 8 lis 
12V (3) 200 us (4) 40 us 
1Q 38. In the circuit shown (figure), the , Ri 
A 1 
batteries have emf E, =E, = 1 V, [WWJ 
E =S V, and the resistance R, 
= 10 Q, R,= 20 Q, Capacitance 
C = 10 uF. The charge on the 
left plate of the capacitor C at 
steady state 1s 
(1) +2 uC (2) -4 uc 
(3)-5 pC (4) +12 uC 
3 uF 6 uF 39. Figure shows a battery with emf 15 V in a circuit with R,* 
(1)4V y 30 Q, R, = 10 Q, R = 20 Q and capacitance c= 10 pF. The | 
) (2) switch S is initiall ri iti d is then closed 
3) 6V (4) none of these l is initially in the open position an 
63) at time t = 0. What will be the final steady-state charge °” 
34. The equivalent resistance of the combination across AB capacitor? 
figure) is i 
(figure) i " 7 | 
| S 
15V C R3 
(1) 75 pC (2) 50 uC | 
1) 3+17 Q) 347 (3) 10 uC (4) none of these a 
4 40. A piece of conducting wire of resistance R is cut into gil rf 
Wy parts. Half the parts are connected in series to form 4 hes? 
3+v17 (4) 2(3+ JIT) and remaining half in parallel to form another bund 


— CO nŘÃĖȘiŮĂ 
a a 
Ta 


-= — 
„s are then connected to give the maximum re a 
pw im resistance of the eee is i 
he 


| oe (2) Elsy ) 
| n 


R (4) R(n) 
0 m n 


iven circuit (figure), the potential difference across 
j P > capacitor is 12 V. Each resistance is of 3 Q, The cell is 
the | The emf . the cell is 

jdea C=3 uF 


EE: 


(2)9V 
(4) 24 V 


(1)15 V 
(3) 12 V 
4), Abattery of internal resistance 4 Q is connected to the network 
of the resistance as shown in figure. If the maximum power 


can be delivered to the network, the magnitude of resistance 
in Q should be 


~ E,4Q 
(1) 19/21. Q (2) 84/19 Q 
3) 129 (4)72 


43, Find the effective resistance between A and B. 


he 


i aa 
1Q 
Pa 
po 


N 


Wy 


ETA 
1)2Q A 12 
) 8/7 
Q (4) 72 : 0 


44, 
In figure, the charge that flows 


3 uF 
om P to O when the switch Sis 5V i 
closed į is S 
()3 uc (2) 6 uC | 
8)9 uc (4) 15 pC PHE 
bi the circuit shown (figure), the 50 V 
alue of R in ohm that will result r 
? nO current through the 30 V di 
i attery į is 
l 
10Q (2) 25 wg 


pr = Electric Current and Circuits 5.63 j! 
In fous, ther current nt flowing through 2 R is ‘i 


A 


(1) from left to right 


(2) from right to left 
(3) no current 


(4) none of these 

In the circuit shown (figure), switch S, is closed first and is 
kept closed for a long time. Now S, is ‘closed. Just after that 
instant, the current through S, is 


47. 


im Ww gr" 
E C A Ry 
ae 


7 2e 


(1) È toward right (2) & toward left 
R, R, 


2E 
(3) zero (4) R 
48. Each resistor in the following circuit (figure) has a resistance 
of 2 MQ and the capacitors have capacitances of 1 uF. The 
battery voltage is 3 V. The voltage 
across the resistor A in the following 
circuit in steady state is 
(1) 0V (2) 0.5V 
(3) 0.75'V (4) 1.5V 
49. Initially, switch S is connected to position 1 for a long time 
(figure). The net amount of heat generated in the circuit after 
it is shifted to position 2 is 


€ R 
C | VV VV | 
(1) 7e +E,)E, 


(2) C(é, +83)8; 
@). 2 +n)? 
3 1 2 


(4) C(e +e) 


50. The switch S in the circuit 
diagram (figure) is closed at 
t= 0. The charge on capacitors at 
any time ź is 
(igy = EC esi) 


(2) qo = EC (1 — e" 20) 
(3) q, = EC (1 — et! 8°) 
(4) q = BC (1 = e% 20) 


51. The charge on the capacitor in steady state in the circuit 
shown (figure) is 


22 2 uF 3Q 
5 Ve—W = is 5V 

S39 339 
= > 
> S 
l l 

(1) 0.5 uC (2) 1 uC 

(3) 2 uC (4) 4uC 


MOD, 


Hoh lectrostatics and Cureentibleatrictty 
2. Inthe cixauit shown (Migue), iff 


switdhes $, and ‘8, have been 


Closed iforallongitime. thanthedhargeon ithe cqnacitar 


ali I2Q i 6Q KOME 


T 


IQ z 


2Q 
+ AW 


(ih) sds OO uC 

(2) inareases ito 120 pC if one-third of the gap of the 
capacitor’s/platesis filled witha dielectric =?) ofsame 
area 

(8) both (1) and (2) 

(4) charge onithe capacitorremains unchanged ifone-third of 
the gap ofthe capacitor's plates is filled with a dielectmc 
(K = 2) of same area 


53. The circuit shown iin figure consists ofa battery of emf £ = 


10 V. a capacitor of capacitance C = 10 pF, and three 
resistors of values R, = 2 Q, 
R,=2Q and R, = 12. 
Initially, the capacitor ils 
completely uncharged and 
the switch S is open. The 
switch S jis closed at t = @. 
(1) the cument through resistor R, at the moment the switch 
closed is zero 
(2) the current through resistor R, a long time after the switch 
closed is 5A 
(3) the ratio of cunrent through R, and R, is always constant 
(4) all of these 


54. In the circuit shown (figure), what is the change of total 


55, 


(1) (1/4) A 
(3) (1/2) A 


electrical energy stored in the capacitors when the key is 


: a4 g shown (figure), calewlate the current through 6 


6Y 20 


(2) (1/8) A 
(4) none of these 


a 
conducting wire. Calculate the 
ounrent through AB 

(1) 2A 

(2) 1A 

(3) 1.54 

(4) 2.5A 

To get the maximum current through a resistance 7 
7.5 Q, one can use m rows of cells, each row having 7 cells 
The intemal resistance of each cell is 0.5 22. What are th 


values of m and m, if the total number of cells is 45? 
(1) 3, 15 (2) 5,9 
(3) 9, 5 (4) 15, 3 


A cell of emf £ and internal resistance r is charged by a 


current i, then 
(1) the cell stores chemical energy at the rate of £i 


_ (2) the cell stores chemical energy at the rate of Pr 


60. 


61. 


62. 


63. 


(3) the cell stores chemical energy at the rate of £i — i*r 
(4) the storage of chemical energy rate cannot be calculated 


. Two long coaxial and conducting cylinders of radius g 


and b are separated by a material of conductivity o and a 
constant potential difference V is maintained between them 
by a battery. Then the current per unit length of the cylinder 
flowing from one cylinder to the other is 


a) y o-r 
In(b/a) (bla) 
In(b/ a) (b+a) 


A 50 V battery is supplying current of 10 A when connected 
to a resistor. If the efficiency of the battery at this current IS 
25%, then the internal resistance of the battery is 

(1) 2.5 Q (2) 3.75 Q 

(3) 1250 (4)5Q 


A number of resistors are connected as shown in the figure- 
The equivalent resistance between A and B is 
30 


4Q SQ 


3Q 4Q 3Q 
(1) 6Q (2) 12. 
ode (4) 15Q 
The charge on the capacitor as in figure is 2 vi0s® 
e) 
(1) 2 pC (2) z ue [uF 42 
3 4 ic Q 
(3) 3 uC (4) zero l 


: ; ; ivell 
Find the potential drop across the capacitor 10 the £" 


circuit. 


| 


P — B Elect Currentiand! Gireuitss 265° 
».. The effet VE reikte between A TS 
andl B off tthe showm network, where ny $ i 
SS 


P resistance of eash resistor iis Z, iis 1 on ON JE 
(ily pa gE z x, = 
T OT Fi 
9 WV | Q B) OR Von AN 
ne ©) (4)) none off theese 
y). / ~ 
méy on TOL TH the switeh att pointi P its 4 
ne > R S 
3) 1Y has limear eras p pii gh apes phos pia 
ie has Al COISE the contest! option. X 
of. A 7 aaa i Sy TE 
(in Gon"). Find the resistance A (il) The current! im Æ, would! jI | AM 
gen points A and! B if the sde not! Hung. shi K; Re 
of thre big Sare IS d.. (2) The potential difference A- l if 
Between poimi x and! the =| ——— T — 
pd D ¥ is ground! would! incre. = 
) Smr p) / B , 
(D) N] V2pq (3) The current provided! by the battery would increase. 
(3) 2pd (#) nme of these (4) The enf prodlwed! by the battery (assumed to have no 
i : - intel resistance) would! chart 
g The equivalent resistance between A and! B im the nea , 
arngamant of resistances as show is Th. Figure shows a circuit! model! for the transmission of av 


electrical sigl, such as cable TV, to £ large number of 
subs@itas. Each subscriber comfects £ load resistance 
R, betwen the tanisin line ard! the ground: Assume 
the ground! to Be at zero potential and! to Have negligible 
revista. The resistance of the traxismission line between 
the connection points of different subscribers is modeled as 
tthe constant revibtanioe RK. The equivalent resistance across 


thie sigil source is 
(1) 4 D F Ri=4 @ Re R- 
(3) 2.5% (4) ¥ | “T "T ee 
6. inthe shown wire frame, cach Ps > Sten me: i 
l ? J es prall =? p 
side of a square (the smuilest Fa pas e 283 RS R3 
square) Has a resistance R O X ; iL |. L | 
The equivalent resistance of “ 4 > j = i = 
T En 4 Fas a 10. Q QSA 
DR S (D) 2R i (3) e W 6s@ 
(3) 4È (4) SR a cuayatsition betta initial! 
Ck spferical Wal made of pict hangs: Ih CE/2 is conniented! 
materi of clccitiedl tonini} to at cell! of emf E throug al 
I (Ora). has thickness ¢ = 2 i resistor Æ as showin. Find! the 
n aridi ate R= 10 n. In am + toral! Heat! generated! im the 
ee k on sandidle ae as \\ : circuit! after the switelh Sis 
aaa | lowed. 
kept at a lower potential thar its | 
ite < ae CD (WA2\CEP OUNO 
paton a le. (3)) (ANCE (4) none ot these’ 
(1) Sex 1G"? © == (2) 2.5: 10" @ 73). Given thut current’ though < TO y = yo a 
OSA WSIO" @ EAT A eee i q io 
68. Ty, find | rode off em cross-seutionalll area! A soe von Now it a n | - gos 
ey tia ig : ae nit volume’ Pm and! my comvetey tw At and! Bis x > sie = E 
2A, Having er ee o AN J ows rougit e l Minul gee | | | | l 
i willy, atte jom ee a Hitt vellouitty of ree trough Cal ami CH, A, - | 
tham im stendly stave. Them the ative of d nea sod rit Hespeutinally. £ B B W 
: ye i ditit | 
ope e left od to dhiii velocity off el WIRASA aiaia 
(i) ud oe (2) 1 (G HAY, I A (4) 3 A\.-3 AN 
(3)2 (4)) 4 


5.66 Electrostatics and Current Electricity _ non= - 
ce ail R 


74. In the circuit shown, the 
capacitor C, is initially charged P 
with charge qẹ The switch S is 
closed at time ¢ = 0. The charge 


on C. after time fis 


: as y IGR 
1) Qo, i-e GOR (2) Goo l—-e CC) | 
C, +C, C+C, 


j t 
as - q G; “GR 
(3) ti. l-e = (4) aeie 
C, +C, C, +C; 
75. Consider the circuit shown in the figure. Find the charge on 


capacitor C between 4 and D in steady state. 


AWW i 
| R C [D | C 


(1) Ce (2) Ce/2 
(3) Ce3 (4) zero 

76. What should be the value of E/E, so that current flowing 
through 7 Q resistor could be increased by short-circuiting 


the battery of emf E,? 


E 

(1) fed (2) — >3 

2 E, 
isd (4) E =A 

77. In the circuit as shown, 
V,- V, = V. The resistance yoo OR Z 
of each wire AB, AC, etc. are . ZIR of 
shown in the figure. Find the | on | 6R V 
current in AC. z 
(1) VBR Re hoes y 
(2) 4VAIR |, ae 
(3) VI6R pee 
R D 


(4) none of these 
78. The circuit has resistorg 


Ae | 7 


of equal resistance N. 

The equivalent resistance A 
between A and B, when wmm 
key is closed js R, and i 5 
when key is open is R.. ‘tun k 
Find the ratio ofR and R, po ae 

(1) 11/12  (2)2/5 | 

(3) 1/5 (4) none of these 


79, In the given circuit, find the value of R: 


4 5 Q 
A ww C aim pumi A 
2A t [ tai / T 


V » 
ygn sk 
oo 
E iggy f 
(1) 20 Q (2) 25 Q 
(3) 15Q (4) 10 Q 
80. A capacitor of capacity 6 HF 20 yin 
and initial charge 160 uC is Ti ia 
connected with key S and n A ’, 


resistance as shown in figure. i 
Point M is earthed. If key o 4 
is closed at £ = 9, then the ‘aw yr 
current (/,) through resistance 
R (= 1Q) at t= 16 us is 
(1) 10/3eA 
(3) 20/3e A 

81. In the given circuit, if /, and 
I, be the current in resistances [ 
R, and R,, respectively, then 
(1) 1,=3A,1,=2A . 
OL = 072A 
(3) I, = 2 A and /, cannot be 

determined with given data ` 

(4) none of these 

82. n identical cells are joined in series with its two cells 4 x 
B in the loop with reversed polarities. Emf of each shell s: 
and internal resistance r. Potential difference across cell- 
or B is (here n > 4) 


(2) 10/e A 
(4) none 


~M 
Ea 
AI 


2e(n-2 2 2 
(1) e(n - 2) Q) e(n +2) 
n n 
4 > 
(3) = (4) 26 
"u n 


83. In the given figure, R = 3 Q. Determine equivalent rss 
between points 4 and B. 


"4 
(1) 3 Q 
B)ISQ 
84, In the circuit as shown in 
figure, the ratio of current 
i/i, is 
(1) 4/3 
(2) 1/2 
(3) 2 
(4) none of these 


(2) 2Q 
(4) 6 Q 


pe circuit shown in the figure, determine t 
gi. capacitor in steady state. 
the 


3V 3V 


(1)4C Sale 
g)1C (4) Zero 
in the circuit shown in figure C, 
_2C.. Switch S is closed at time 
e 0. Let i _ and i, be the currents 
flowing through C, and C, at any 
time t, then the ratio 7/7, 

(1) is constant 

(2) increases with increase in time t 
(3) decreases with increase in time ¢ 
(4) first increases then decreases 

87. When the switch 1 is closed, the current through the 8 Q 


resistance 1s 0.75 A. When the switch 2 is closed (only), the 
current through the resistance marked x is 1 A. 


86. 


The value of x is 
(1) 5V (2) 18 V 
(3) 10 V (4) 15 V 
88. What is the equivalent capacitance between A and B in the 
circuit at steady state shown. 
R,=2Q R,=42 


| 
C=6uF C,=3pF 


(1)6F (2) 1.5 F 
(3) zero (4) 2 uF 
89. The potential of the point O is 


12 V 


he charge of -y 
Multiple Correct Answers 
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ils Iil 


1. Consider a conductor of variable 


cross section in which current iS mA 

flowing from cross section | to 2. 
Then | 

(1) current passing through both the cross sections is the same 
(2) current through 1 is less than that through 2 


(3) drift velocity of electrons at | is less than that at 2 
(4) drift velocity is same at both the cross sections 


. The charge flowing in a conductor varies with time as 


Q = at — bt. Then, the current 

(1) decreases linearly with time 

(2) reaches a maximum and then decreases 
(3) falls to zero at time t = a/2b 

(4) changes at a rate -2 b 


. A single battery is connected TQ 


to three resistances as shown 4 


in figure. 
(1) The current through 7 Q B D 
resistance is 4 A. > 
(2) The current through 3 Q %2 12 V ŠR, 
resistance is 4 A. 7 | r 
G 
(3) The current through 6 Q 


resistance is 2 A. 
(4) The current through 7 Q resistance is 0. 


. The potential difference between points A and B in the 


circuit shown in figure is 16 V. Then 


Pe ae EME i 
l 


4Q c 9V 10 3V 1Q 32 


aad |= aaa 


(1) the current through the 2 Q resistance is 3.5 A 
(2) the current through the 4 Q resistance is 2.5 A 
(3) the current through the 3 Q resistance is 1.5 A 


(4) the potential difference between the terminals of the 9 V 
battery is 7 V 


. In the circuit shown in figure, the cell has emf 10 V and 


internal resistance 1 Q. 


30 C 22 RF 20 


e=10v | 8Q 8Q Q 
r=1Q š 


20 D 2Q F Q 


(1) The current through the 3 Q resistor is 1 A. 
(2) The current through the 3 Q resistor is 0.5 A. 
(3) The current through the 4 Q resistor is 0.5 A. 
(4) The current through the 4 Q resistor is 0.25 A. 


. When some potential 209 C 50 


difference is maintained 
between A and B, current J 
enters the network at A and : 

leaves at B (see figure). 5Q D 202 
(1) The equivalent resistance between A and B is 8 Q. 
(2) C and D are at the same potential. 


A B 


T a=. 


5.68 Electrostatics and Current Electricity : 
11. In the given circuit (as shown in figure), 


(3) No current flows between C and D. 
(4) Current 37/5 flows from D to C. 

7. In the circuit shown in figure, some potential difference is 
applied between A and B. The equivalent resistance between 


A and Bis R. 


22 
A | 3Q 5Q | 4Q B 
Tse d 


(1) No current flows through the 5 Q resistor. 


(2)R=15Q 

(3) R=12.5Q 
18 

(4) R= —Q 


8. A battery of emf E and internal resistance r is connected 
across a resistance R. Resistance R can be adjusted to any 
value greater than or equal to y (volt) 
zero. A graph is plotted between 
the current passing through the 
resistance (/) and potential 
difference (V) across it. Select Henn 
the correct alternatives. 

(1) Internal resistance of the battery is 5 Q. 

(2) Emf of the battery is 10 V. 

(3) Maximum current that can be taken from the battery iS 
2A. 

(4) V-I graph can never be a straight lines as shown in 
figure. 

9. In the given circuit (figure), 


10 


20 P 22 
20 V, 1.62. 


(1) the current through the battery is 5 A 
(2) P and Q are at the same potential 
(3) P is 2 V higher than Q 
(4) Q is 2 V higher than P 
10. In the circuit shown in figure, mark the correct options. 


R, =6.02 R,=4.0 2 


N 


(1) Potential drop across R, is 3.2 V. 
(2) Potential drop across R, is 5.4 V. 
(3) Potential drop across R, is 7.2 V. 
(4) Potential drop across R, is 4.8 V. 


1.0 kQ 


(1) the equivalent resistance between C and G is 3 KQ 
(2) the current provided by the source is 4 mA 
(3) the current provided by the source is 8 mA 
(4) voltage across points G and £ is 4 V 
12. Study the following circuit diagram in figure and mark the 


correct options. V=18.0 V 


(1) The potential of point a with respect to point b in the 
figure when switch S is open is —6 V. 

(2) The points a and b are at the same potential, when S is 
opened. 

(3) The charge flowing through switch S when it is closed is 
54 uC. 

(4) The final potential of b with respect to ground when switch 
S is closed is 8 V. 

13. Two circuits (as shown in figure) are called Circuit 4 and 
Circuit B. The equivalent resistance of Circuit A is x and that 
of Circuit B is y between 1 and 2. 


Circuit A 
2R 2R 2R 2R 2R 
1 eww wn nn nnn in 
bep p pe” 
2oe—— l  Ì© ©) © —_ De 
Circuit B 
(1) y>x (2) v=(V3+DR 
(3) xy =2R? (4) y-x=2R 


tements 


14. For the circuit shown in figure, select the correct sta 
from the following options. 


„and y are equipotential points. 

pffective resistance between A and B is 2 Q. 
pffective resistance between A and B is ] Q. 
None of the above 


w Wwe ë — 


i ircuit (figure) 
e given Cl > 3 OQ 
1 mo current through the T E 
0P and Q are at the same 
pet ae 


(3) P is 2.5 V higher than Q 
(4) Qis 2.5 V higher than P 


in the circuit shown (figure), 
the cell is ideal with emf = 2 V, 
The resistance of the coil of the 
salvanometer G is 102. Then 

( 1) no current flows in G 

(2) 0.2 A current flows in G 

(3) potential difference across C, is 1 V 
(4) potential difference across C, is 1.2 V 


17. A parallel plate capacitor of capacitance 10 uF is connected 
toacell of emf 10 V and is fully charged. Now a dielectric 
slab (k = 3) of thickness equal to the gap between the plates 
is completely filled in the gap, keeping the cell connected. 
During the filling process, 

(1) the increase in charge on the capacitor is 200 uC 

(2) the heat produced is zero 

(3) energy supplied by the cell = increase in stored potential 
energy + work done on the person who is filling the 
dielectric slab 

(4) energy supplied by the cell = increase in stored potential 
energy + work done on the person who is filling the 
dielectric slab + heat produced 

18. In the circuit shown in figure, E, and E, are two ideal sources 
of unknown emfs. Some currents are shown. Potential 
difference appearing across 6 Q resistance is V,— V, = 10 V. 


16. 


—2.00A R 


E, 
l A 
4.00 Q | oo Q23.00 Q = 6.00 Q 
all 


3.00 A || | 


4.00 Q 


(1) The current in the 4.00 Q resistor is 5 A. 
(2) The unknown emf E is 36 V. 

(3) The unknown emf E,is 54 V. 

(4) The resistance R is equal to 9 Q. 

19, Consider a resistor of uniform cross-sectional arca 
to a battery of internal resistance zero. If the len 
resistor is doubled by stretching it, then 
(1) the current will become four times 
(2) the electric field in the wire will bec 
(3) the thermal power produced by the r 

Onefourth 
(4) the product of the current den 
become half 


connected 
gth of the 


ome half 
esistor will become 


sity and conductance will 
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20. In the Circuit shown in the figure, 


5Q 


20 V 


(1) current passing through 2 Q resistance is zero 
(2) current passing through 4 Q resistance is 5 A 
(3) current passing through 5 Q resistance is 4 A 
(4) potential difference across 2 Q resistance is zero 
21. If the switch at point P is opened (which was initially 
closed), choose the correct option(s). 


(1) The current in R, would not change. 

(2) The potential difference between point X and the ground 
would increase. 

(3) The current provided by the battery would decrease. 

(4) The enif produced by the battery (assumed to have no 
internal resistance) would change. 


22. Current through the battery in the circuit shown in the figure 


C R 
cwl 
Pa 
R 
ANW ANW 
A R B E 


(1) immediately after the switch S is closed is €/R 
(2) immediately after the switch S is closed is ¢/2R 
(3) after long time is €/2R 
(4) after long time is 3€/4R 

23. In the circuit shown in figure, 


„5 T: . 
(1)i= : A when S, is closed and S, is open 


(2) i=5 A when S| is open and S, is closed 
(3) i=2 A when S, and S, both are open 
(4) i= 10 A when both S, and S, are closed 


’ 


5.70 Electrostatics and Current Electricity ee > he equivalent resistance(s) 


24. In the given circuit, the value 
of m is varying. The correct 


28. In question 28, t 
(1) between 0 and 2 is R/3 


(r/m) (2) between 0 and 1 is R/3 


statements about the circuit are AWW (3) between 0 and 1 is zero 
Sa ee 7 fe eta (4) between | and 2, 2 and 3, 3 and | are all not equal 
current f rom x | | 
m=2 i - 29. In question 28, imagine a battery of emf E between the | 
T i i r ints O: ith its positive terminal connected wi | 
(2) The maximum current 1s x Y points 0 and 1, with its p aa an itho, | 
. (1) The current entering at O is equally divided into three 


V/ (2 r. V 
(3) The condition for maximum 
current flowing from x is 
m=vV2. 
(4) The maximum current is 3V/2r. 
25. In the given circuit, mark the correct statement/statements. 


Conducting wires 


resistances. l 
(2) The current in the other three resistances R R.,, R, i 


zero. 
(3) The resistances Ro and R, have equal magnitudes of | 
current while the resistance R, has different current, 
(4) Potential V, = V, > Vi. 
30. In the circuit shown, the resistances are given in ohms and 
the battery is assumed ideal with emf equal to 3.0 V. 
50Q WW 


(1) The resistor R, that dissipates maximum power. 
(2) The resistor R, that dissipates maximum power. 
(3) The potential difference across resistor R, is 0.4 V. 
(4) The current passing through 3 V battery is 40 mA. 


Conducting wires 


(1) The current through 10 V battery is 35/4 A. 

(2) The current through 5 V battery is 5/4 A. 

(3) The current through upper conducting wire is 15/8 A. 

(4) The current through lower conducting wire is 25/8 A. 
26. In the circuit, various resistances and five batteries are 


Linked Comprehension Type 


For Problems 1-3 . 
Figure shows a network of four resistances and three batteries 


connected as shown in the figure. If point O is earthed, 


(1) the current in the battery marked as (A) is 1/2 A 

(2) the current in the battery marked as isl A 

(3) the potential of point x marked in circuit is 15 V 

(4) the current through the battery marked as © is2 A 


27. Inside a superconducting ring, six 2 


identical resistors each of resistance 
R are connected as shown in figure. 
The equivalent resistance(s) 

(1) between 1 and 3 is zero. 

(2) between 1 and 3 is R/2 

(3) between 1 and 2, 2 and 3, 3 and 


bas 
1 are all equal 


(4) between 1 and 2, 2 and 3, 3 and 1 are all not equal 


30 V| 6V 15V 


A 20 FE 2Q E 


1. Choose the correct alternative. 


(1) The potential difference is V,- V, = 6 V. 
(2) No current flows in the branch CF. 

(3) Current flows in the branch from F to C. 
(4) Both (1) and (3) 


. Mark the incorrect statement. 


(1) The current flowing in the left loop is independent ofthe 
right loop. 

(2) The current flowing in the right loop is independent of 
the left loop. l 

(3) Both 30 V and 15 V batteries do not produce current 1" 
the branch CF: 

(4) Both (1) and (2) 


. Which of the batteries is getting charged. 


(1) only 6 V 
(3) only 15 V 


(2) both 6 V and 15 V 
(4) none 


D y 


~ problems 46 | 
for der the circuit shown in figure. 
cons 


4, Current through R, is zero if R, = 2 Q and R, = 4 Q. In this 


case 
(1) current through R, = 2.5 A 


(2) current through R, =3 A 
(3) both (1) and (2) are correct 
(4) both (1) and (2) are wrong 
5, Assuming R, = 2 Q, current passing through resistance R _is 
(1)2A (2)2.5A 
(3) 3.5A (4) zero 
6, Assuming R, = 2 Q = R, R, = 4 Q, current passing through 
the circuit if resistance R, is removed is (remove ground 
connection at point X) 
(1)2A 
GB) 1A 
For Problems 7—9 
In the network shown in figure, each resistance is R. 


(2)3A 
(4)2.5A 


7. The equivalent resistance between A and B is 
3R 5R 
(1) — p ai 
) 4 (2) 6 
IR 4R 
(3) — 4) — 
} 12 @) 3 


8. The equivalent resistance between A and G is 


3R 5R 
G M 
z (2) = 
ie AR 
8) 12 (4) Fi 
9. The equivalent resistance between A and Cis 
 5R 
(1) 3R G= 
4 6 
TR 4R 
Gy = (4) — 
12 3 


For Problems 10-12 l l 
°nsider 12 resistors arranged symmetrically in shape a 
pyramid ABCDEF. Here ABCD is a square. Point £, point", 
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a center of square are in the same straight line perpendicular to 
e plane of Square. The resistance of each resistor is R. 


10. The effective resistance between E and F is 


(1) R/2 (2) R/3 

(3) R (4) none of these 
11. The effective resistance between A and C is 

(1) R/2 (2) R/3 

(3) R (4) none of these 
12. The effective resistance between A and B is 

(1) 7R/12 (2) 5R/7 

(3) SR/12 (4) none of these 


For Problems 13-15 
Consider the circuit shown in figure. The circuit is in steady state. 


1Q 22 
A 
WV D 
1Q 
i] 1 Q F a 
B NN C 
6V 
1Q “_ 4V 
a 
2Q 2Q 


13. The value of i, iS 


(1) 7/9 A (2) 14/13 A 

(3) 14/3 A (4) 17/23 A 
14. The potential of point B is 

(1) 27/34 V (2) 46/13 V 

(3) 1/2 V (4) 61/49V 
15. The charge in capacitor is 

(1) 2 uC (2) 4 uC 

(3) 6 uC (4) 8 uC 


For Problems 16-18 

In the arrangement, 11 wires each of resistance 5 Q are used as 
sides of cube. A potential difference of 70 V is maintained between 
corners A and B of cube. 


H G 
A D i k 
L NC 
E\ ——— E 
R 
A NB 
70 V OV 


p 
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16. Current flowing in wire HG is 


(1) 4A (2)2A 

(3)5A (4) 10A 
17. Current flowing in wire EF is 

(1)4A (2) 2A 

(3) 5A (4) 10A 
18. Potential of junction Gis 

(1) 30 V (2) 40 V 

(3) 20 V (4) 35 V 


For Problems 19-21 B A 
A resistor circuit is constructed such that 

12 resistors are arranged to form a cube © “$l | 

as shown in figure. Each resistor has a F mafa TAY 
resistance of 2 Q. The potential difference = 

of 30 V is applied across two of the i. 
opposing points as shown. 

19. The points having the same potential are 
(i)B,D,E (ii) CF, H (iii) CE 
(1) Only (i) is correct. 

(2) (i), Gi), and (iii) are correct. 
(3) Only (ii) is correct. 
(4) (i) and (ii) both are correct. 

20. If we replace resistors between A and B and resistors 
between G and H by wires of zero resistance, then the points 
having the same potential are 
(i)D,E,C,F (@)4,B 
(1) Only (i) is correct. 

(2) Only (ii) is correct. 
(3) Only (iii) is correct. 
(4) (i), (ii), and (iii) are correct. 

21. In question 20, the potential difference between the points C 


(iii) G, H 


and G is 

(1) 15V (2) 10 V 

(3) 20 V (4)7.5V 
For Problems 22-23 


The following two questions refer to the 
circuit shown. Assume that the capacitors 
are initially uncharged. 

22. At time ¢ = 0, the switch S in the 
circuit is closed. At that instant, 
what is the equivalent resistance of the circuit? 

(1) 9.00 (2) 1.20 
(3) 1.80 (4) 0.92 

23. After the switch has been closed for a long time, how much 

charge is on the positive plate of the 3 uF capacitor? 


eae (4) 72 uC 
For Problems 24-26 


A network of resistances is constructed with R À and R, as shown 
in figure. The potential at the points 1, 2, 3, -, Nare V, V 
1’ 75 


V., +++, V , respectively, ez í , i 
370 9" ®? y, each having a potential k tim 3 
than the previous one. pe es smaller 


24. The ratio R/R, is : 
l —— 
(I) -7 Caer 
(k-ly 
1 py ad 
(3) k-a (4) i 
25. The ratio RJR, iS 
] 
(1) co Ore 
j| 
k — 
(3) Ti (4) k 7 
26. The current that passes through the resistance R, nearest to 
the V, is sy 
] 
(1) (A (2) (k+) Mo 
k R k R, 
V, 4 (5 je 
©) Gan @) KR, 


For Problems 27-29 
In the circuit given in the figure, both batteries are ideal. emf E, of 


battery 1 has a fixed value, but emf E, of battery 2 can be varied 
between 1.0 V and 10.0 V. The graph gives the currents through the 
two batteries as a function of E, but are not marked as which plot 
corresponds to which battery. But for both plots, current is assumed 
to be negative when the direction of the current through the battery 
is opposite to the direction of that battery’s emf (direction of emf 
is from negative to positive). 


m . zm 
tl, 25 2, ĵ 
_ + 1 é 7 Bo 10 
<2: 
Ew 
27. The value of emf E, is 
(1)8V (2)6V 
(3)4V (4)2V 
28. The resistance R, has value 
(1) 10Q (2) 20 Q 
(3) 30 Q (4) 40 Q 
29. The resistance R, is equal to 
(1) 10Q (2) 20 Q 
(3) 302 (4) 40 Q 
For Problems 30-32 


The circuit shown is in a steady state. 


Cy= LS ye 
y Wi 


E 


e in capacitor C, is 


THe ie (2) 30 uC 
| 02 f (4) 10 uC 
i dae in capacitor C, is 
ay. 
20 uC ( H 
te charge in capacitor C, is 
A 10H ae ae 
320 uC (4) 40 uC 
problems 33-35 
: circuit as Shown. it is given that R/R, = 1/2 and potential 
a tie 
is T. 
Os R, i 3 
4 £ 
WW MW ——e 
(100 V) (100 V) 
0V) 209 d SOQ (50V) 
—WW 
D C 


33, Find the value by which V should be greater, if V < 75 V: 


(1) 100/9 V (2) 20 V 
3) 1007 V (4) 100/3 V 
u. [the value of potential at O is 20 volts, find the value of R.. 
(1) 1500 (2) 300 Q l 
3) 450 Q (4) 600 Q 


. What should be the value of resistance R, so that potential at 
0 is always of the positive value? 
(1) 80Q - (2) 16Q 
3) 240 Q (4) any value 

For Problems 36-37 

£ te circuit shown in the figure 

L 20V 


ol a 


t bm 
| oe c= 
Lw 


10Q 


tPs 


%, x value of current J, is 
(i)2A (2) zero 


3)25A (4) none of these 
37. The value of current J, is 

(1) 2A (2) zero 

B)25A (4) none of these 


Matrix Match Type II 


l. Match Column I with Column IJ: 


Column | 


i. Electrical conductivity of 
conductor depends on 


Column II — 
a. dimensions 
(length, area of 
cross section etc.) 
b. temperature 


ii. Conductance of a conductor 
depends on 


= ne 
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iii. For a given conductor of | ¢. nature of 
given dimensions and at a conductor 
given temperature, current 
density depends on 


iv. For a given potential d. electric field 
difference applied across a strength 
conductor of given length, 
current in it will depend on 


2. For the circuit shown in figure, all the three batteries are 
ideal. Match the column. 


i. The value of R such that current a. 1Q 


through 3 V battery is zero. 
ii. The value of R such that current: b. 2 Q 
through 1 V battery is zero. 
iii. The value of R such that current c. 3 Q 
through 2 V battėry is zero. 


iv. The value of R for which current d. not possible for 
through 3 V battery is 5/8 A. any value of R 


3. A circuit is shown in figure. R is a nonzero variable but finite 


resistance. e is some unknown emf with polarities as shown. 
Match the columns. 


B C D 
[ S Ss 
22 S40 ŠR 
S Ki > 
Day 
e 
{ s [JE 


4V 


Column Il 


Column | 


i. Current passing through 4 Q a. possible ife=6V 
resistance can be zero 

ii, Current passing through 4 Q b. possible ife>oV 
resistance can be from F to C 


iii, Current passing through 4 Q e. possible ife<6V 
resistance can be from C to F 

iv. Current passing through 2 Q d. possible for any 
resistance will be from B to 4. value of e from | 


zero to infinity 


4. A network consisting of three resistors, three batteries, and 
a capacitor is shown in figure. In steady state 
l B C 


j 


ee } Column! We 


iv. Charge on capacitor is 


ně 


tance 0.1 pF is connected to a battery 


5, A capacitor of capaci r 
i figure) under the steady-state 


of emf 8 V (as shown in 


condition. 
M ia x AWW 
= 1,.20 
8V - S20% = 100 


ii. Current in AC branch 
iii. Current in AB branch 


iv. Current in R connected between M 
and N 


d. 0.4A 
B 
A 


6. Abattery ofemf£ is connected 
across a conductor as shown 
in figure. As one observes 
from A to B, match the 
following. 


l) 


a. increases 
b. decreases 


i. Current 
ii. Drift velocity of electron 
| iii. Electric field 


iv. Potential drop across the 
length 


7. Column I gives physical quantities based on a situation in 
which an ideal cell of emf V is connected across a cylindrical 
rod of uniform cross-sectional area and conductivity (s) as 
shown in the figure. E, J, @, and i are electric field at, current 
density through, electric flux through, and current through 
the shaded cross section, Shadedcross 
respectively, as shown in section 
figure. Physical quantities in 
Column JJ are related to those 
in Column J. Match the 
expressions in Column J with 
the statements in Columns JI. 


_Golumnt | Column 


l $ a. Conductivity of the rod 
i 
P E b. Resistance of the rod 
J 
ee Be ies 


. Column I giv 


d. Power delivered to the rod 


es physical quantities of a situation in which 
through two rods I and II of equal length 
n series. The ratio of free electron densi 
(m), resistivity (P); and cross-sectional area (A) of both rods 
are in ratio nin, = 2:1; 7, = 2: | and A,:A, = 1:2, respectively, 
Column II gives corresponding results. Match the ratios in 
Column I with the values in Column II. 


iv. oe 


current į passes 
that are joined i 


i Drift velocity of free electron in rod I 
` Drift velocity of free electron in rod II | 


Electric field in rod I | b. 1 
` Electric field in rod I 


n EEE ESE 


Potential difference across rod I 0.2 


iii. - 
Potential difference across rod II 


Average time taken by free electron 

: to move from A to B | 

iv. L lA 
Average time taken by free electron | 

to move from B to C 


9. In the given circuit, match the statements of Column I and 


Column II. 


Column | ae 
mat 


iv. Ration (i/i,) depends upon 


Column ll | 


1 . i i i - ` . ` 
0. A circuit involving five ideal cells, three resistances (Ri, 


A and 20 Q), and a capacitor of capacitance C = 1 HFS 
shown. Match the conditions in Column I with results give" 
in Column II [assuming circuit is in steady state]. 


Lov spy Lay L 
30 V Liov 12V 


F 20V 
aie 
sna RE Wi 
Lieto ole 7 
KAS 


a 


eee 
Hi —_—— 
en and K, is in 


i, K, 8 OP | S 
position C greater than potential at B 
K is open and K, is in | b. Current through R is 
k psition D downward | 
ii K, js closed and K, is in| c. Current through R, is 
‘position C upward 
iv. K, is closed and K, is in | d. Charge on capacitor is 10 


yumerical Value Type 


1, The figure shows a network of resistor each heaving value 
"12 Q. Find the equivalent resistance between points 4 and 
B(in Q). 


2. Find the current (in A) in 4 Q resistance in circuit shown in 
figure 
10 V 
VW 


2 Q 4Q 


20 V 


3. In the given arrangement of resistances, find the equivalent 
resistance (in Q) between points A and B in the figure. Each 
resistance is R of magnitude equal to 10 Q. 


mpl pet 


4. In the given network in the figure, find the charge on the 
Capacitor (in uC). 
10 V 12 
[|v 


20 V | Q 
hW 


10 V 1 Q 
SR VV y 


C =5 uF 
e | 


CUCCU LCUTTETIL ANU UlCUILS wrs 


5. current in the branch CD (in A) of the circuit shown in 
gure. 


22 p 29 


—]| 
30 V 


6. Find the current in 5 Q resistance (in A) in circuit shown in 


figure. 
Q 10y 5Q 
-p ANANN 
i Q 


10 


$102 40 V 


7. Nine wires each of resistance 
r = 5 Q are connected to 
make a prim as shown in 
figure. Find the equivalent 
resistance of the arrangement 
across AB (in Q). 


8. If the switches S,, S,, and S, in figure are arranged such that 
the current through the battery is minimum, find the voltage 
across points A and B (in V). 

6Q 30 
NAW 
69) | 4 


S, 
5 ia wi hen 


9. Find the potential difference (in V) between points A and B 
shown in the circuit. 


IQ , 16 Q 


10. In the circuit shown, each resistance is 2 Q. The potential V 


is as indicated in the circuit. What is the magnitude of K, in 
volt? E 


we | | 
S Z 
2 2 


SV = 
yaw y— T IV 


The area of cross section, length, and density of a piece of 
metal of atomic weight 60 are 10% m?, 1 m, and 5 x 10° 


kgm”, respectively. If every atom contributes one free 


11. 


5.76 Electrostatics and Current Electricity 
electron, find the drift velocity (in mms") of electrons in the 
metal when a current of 16 A passes through it. Avogadro's 
number is N, = 6 X 1023/mol and charge on an electron is 
e=1.6 x10” C. 

12. A finite square grid, each link 
having resistance 7, 1S fitted in a 
resistance-less conducting circular 
wire. Determine the equivalent 
resistance between 4 and B (in Q) 
if r = (80/7) Q. 

13. In the infinite grid, the value of each resistance is 
r= (V5 -1) Q. Find the equivalent resistance between the 
points a and c (in Q). 


r E 
a acar Ni 


14. The potential difference V, — V, for the circuit shown in 
figure is (22/x) V. Find the value of x. 
1V IVg lV 1V 


1V 1V 1V iv 4 


15. Find current in the branch CD of the circuit (in ampere). 


29 gpg 22 
A D 
E 
12V 


16. Find the current (in A) in the rightmost resistor shown in 
figure. 


JEE MAIN 
Single Correct Answer Type 
1. Let C be the capacitance of a capacitor discharging through 


a resistor R. Suppose t, be the time taken for the energy 
stored in the capacitor to reduce to half its initial value and 


E Archives 


e of the resistance in the circuit shown in the 


17. At what valu 
e total resistance between points A and B be 


figure will th 


endent of the number of cells? If R= (V3 4+ 1) Q, then 
39 Q. 


indep 
the value of x will be “...--- 
2R 


18. In the given circuit, each resistance is r = 18.75 Q. The 
current (in A) in the resistance connected across A and B jg 


100 V 


19. In the circuit shown in figure, find the steady state charge in 
6 uF capacitor (in uC). 
10V 


2Q 
A H 
3Q 
B G 
3 uF 6 uF 
4Q 
C F 
D E 
20 V 69 


20. In an infinite network of resistances,each resistance of 
value R = 2 Q, are arranged as shown in the figure. Find the 
equivalent resistance between A and B (in Q). 


cs 


t, be the time taken for the charge to reduce to one-fourth of 
its initial value. Then the ratio ¢,/t, will be 


a (2) 5 
l 
34 (4)2 (AIEEE 2010 


juotors have the same resistance at 0°C but their 
{v0 C o coefficients of resistance are a, and œ. The 
enp"? -È mperature coefficients of their series and 


eP combinations are nearly 
a a, + 
gt% a + (2) a, + a, 1% 
ee > 2 
Q Q x + Q, QM + Q, 
Oy a +O, aa a - 
(3) aloes aT U 2 
(AIEEE 2010) 


esistor ‘R and 2 uF capacitor in series is connected 
` rough @ switch to 200 V direct supply. Across the capacitor 
<a neon bulb that lights up at 120 V. Calculate the value of 
a make the bulb light up 5 s after the switch has been 
closed. (log,.2-9 = 0.4) 
(1) 1.3 * 10° Q (2)1.7 x10 Q 


(3)2.7 x 10 Q (4) 3.3 x 10 Q (AIEEE 2011) 
4, Ifa wire IS stretched to make it 0.1% longer, its resistance 

— by 0.05% (2) increase by 0.2% 

(3) decrease by 0.2% (4) decrease by 0.05% 

(AIEEE 2011) 

3, The figure shows an experimental plot discharging of a 

capacitor in an RC circuit. The time constant T of this circuit 

lies between: 


13) 
2 25 
v 
S2 
=o 20 
D > 
B= 15 
=> 
LD) 
5A 10 
[e 
| 5 
0 


50 100 150 200 250 300 
Time in seconds ———> 


(1) 150 sec and 200 sec (2) 0 and 50 sec 
(3) 50 sec and 100 sec (4) 100 sec and 150 sec 
(AIEEE 2012) 


6. In an LCR circuit as shown below, both switches are open 
initially. Now switch S, is closed and S, kept open. (q 
is charge on the capacitor and t = RC is capacitive time 
constant). Which of the following statement is correct? 


S 
— | 
C 
6060066 ee 


L 
(1) At t= t, g = CV/2 

Q) Att=2r, q = CV -&’) 
(3) At t= 1/2, q = CV(1 - e') 


(4) Work done by the battery is half of the energy sae 
in the resistor. lee ; 


. F : f 
7, When 5y potential difference 1s applied across a wire 
length 0.1 m, the drift speed of electrons 15 2.5x 107 ms". 
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the electron density in the wire is 8 x 10% m“, the resistivity 
of the material is close to 


(1) 1.6 x 10°Qm (2) 1.6 x 107Qm 
(3) 1.6 x 10°Qm (4) 1.6 x 105 Q m 


(JEE Main 2015) 
8. In the circuit shown, the current in 6V py 20 
the 1 Q resistor is: | = 
(1) 1.3 A, from P to O $ia T% 
(2) 0A alaa] 
(3) 0.13 A, from Q to P n 2 30 
(4) 0.13 A, from P to O (JEE Main 2015) 
9. In the given circuit the current in each resistance is 
2V 2V 2V 
i lia %0 ŽIR 
2V 2V 2V 
(1)0.5A (2)0A 
(3) 1A (4) 0.25A 
(JEE Main 2017) 
10. In the given circuit diagram when E p. 
the current reaches steady state i a 
in the circuit, the charge on the = 4 A — 
capacitor of capacitance C will be C r 
yer Oc— a 
(r+r,) (7, +7) 
(3) CE (4) CE—! 
(7, +r) 


(JEE Main 2017) 
11. Two batteries with emf 12 V and 13 V are connected 
in parallel across a load resistor of 10 Q. The intemal 
resistances of the two batteries are | Q and 2 Q respectively. 
The voltage across the load lies between 
(1) 11.7 Vand 11.8 V (2) 11.6 V and 11.7 V 
(3) 11.5 V and 11.6 V (4) 11.4 V and 11.5 V 


(JEE Main 2018) 


JEE ADVANCED 
Single Correct Answer Type 


1. Consider a thin square sheet of side L and thickness f, made 
of a material of resistivity p. The resistance between two 
opposite faces, shown by the shaded areas in the figure, is 


E i T, 


4 > 


i 
(1) directly proportional to L 
(2) directly proportional to ¢ 
(3) independent of L 
(4) independent of 1 


| N 


(IIT-JEE 2010) 
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2. In an aluminum (AI) bar 
of square cross section, a 
square hole is drilled and is 
filled with iron (Fe) as shown 
in the figure. The electrical 
resistivities of Al and Fe are 
2.7 x 10% Qm and 
1.0 x 107 Qm, respectively. 
The electrical resistance 
between the two faces P and 
O of the composite bar is: 


2475 
1) == uQ 2) — uQ 
( 64 H 64 H 
1875 2475 
3) —— uQ 4) —— uQ 
( i u ( T u 
(JEE Advanced 2015) 


3. An infinite line charge of uniform electric charge density 
À lies along the axis of an electrically conducting infinite 
cylindrical shell of radius R. At time ¢ = 0, the space inside 
the cylinder is filled with a material of permittivity £ and 
electrical conductivity o. The electrical conduction in the 
material follows Ohm’s law. Which one of the following 
graphs best describes the subsequent variation of the 
magnitude of current density j(7) at any point in the material? 


JO I(t) 
A A 


(1) 
(0, 0) ! 
J) JA) 
(3) (4) 
oo ¢ (0, 0) 
(JEE Advanced 2016) 


Multiple Correct Answers Type 
1. For the resistance network shown in the figure, choose the 
correct option(s) 


20 Fe eS 
od Pea 


Pa 7 


N Z Ic in: 
4 FIR Q = 


RÀ 
4Q — AWAY _ Q 
T 


4Q 


1, 


sal 


(1) The current through PỌ is zero. 


QL=3A 
(3) The potential at S is less than at QO. 
(NLaH2A 


(JEE Advanced 2012) 


2. Two ideal batteries of emf V, and V, 
and three resistances Ri R, and R, 
are connected as shown in the 


ER, 
i i R 
figure. The current in resistance R, wn 
would be zero if 
V 
aa 


ri 


(1) V, = V,and R, =R, =R, 

(2) V, =V, and R, =2R, =R, mie 

(3) V, = 2V, and 2R, = 2R, =R, 

(4) 2V, = V, and 2R, =, = i, j 
3. In the circuit shown below, the key is pressed at time t=() 

Which of the following statement(s) is (are) true? l 


(JEE Advanced 2014 


50k Q 


(1) The voltmeter displays —5V as soon as the key is pressed, 
and displays +5 V after a long time 

(2) The voltmeter will display 0 V at time t = In 2 seconds 

(3) The current in the ammeter becomes 1/e of the initial 
value after 1 second 

(4) The current in the ammeter becomes zero after a long time 


Linked Comprehension Type 


For Problems 1-2 

Consider an evacuated cylindrical chamber of height A having rigid 
conducting plates at the ends and an insulating curved surface as 
shown in the figure. A number of spherical balls made of a light 
weight and soft material and coated with a conducting material are 
placed on the bottom plate. The balls have a radius r << h. Now 
a high voltage source (HV) is connected across the conducting 
plates such that the bottom plate is at +V, and the top plate at -7 
Due to their conducting surface the balls will get charged, will 
become equipotential with the plate and are repelled by it. The 
balls will eventually collide with the top plate, where the coefficient 
of restitution can be taken to be zero due to the soft nature of the 
material of the balls. The electric field in the chamber can be 
considered to be that of a parallel plate capacitor. Assume that ther 
are no collisions between the balls and the interaction betwee? 
them is negligible. (Ignore gravity) (JEE Advanced 2016) 


A 
= 
-52 HV 
CTD ' 


1. Which one of the following statements is correct? i 
(1) The balls will execute simple harmonic motion betwe? 
the two plates 


i ra 


GC? Cis BSD A. kk 


| Consider a SI 


( 
| d 
( 


vo 


rne balls will bounce back to the bottom plate carrying 
posite charge they went up with 

The palls will bounce back to the bottom plate carrying 
the same charge they went up with 

The balls will stick to the top plate and remain there 
average current in the steady state registered by the 
n the circuit will be 


the OP 


“ 
qhe aver 


| ) proportional to Vo 


] 
2) proportional to i 
A proportional to the potential V, 


(4) zero 

or Problems OF on 
imple RC circuit as shown in Fig. 1. 

process 1: In the circuit the switch S is closed at t = 0 and the 
capacitor is fully charged to voltage V, (i.e., charging continues 
jor time T >> RC). In the process some dissipation (E) occurs 
cross the resistance R. The amount of energy finally stored in the 
fully charged capacitor is Oe 
process 2: In a different process the voltage is first set to Yo 
and maintained for a charging time T >> RC. Then the voltage 

. Vo _. . , 
is raised to —— without discharging the capacitor and again 


maintained for a time T >> RC. The process is repeated one more 
time by raising the voltage to V, and the capacitor is charged to 
the same final voltage V, as in process 1. 

These two processes are depicted in Fig. 2. 


(JEE Advanced 2017) 
VA 


Process 1 
Vo 


| 


2V,/3 ba 
V3 Process 2 T>> RC 
> ff 


L 
T 2T 
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3. In process 1, the energy stored in the capacitor E „ and heat 
dissipated across resistance £, are related by: 


(1) Eo = Ep (2) E.=2E> 


l 


4. In process 2, total energy dissipated across the resistance £, 


1S: 
(1 
(1) Ep -3{5<72] (2) Ep =3(2.0¥} ) 


(3) Z, = zcv (4) Ep =3CV5 


Numerical Value Type 


1. At time t = 0, a battery of 10 V is connected across points A 
and B in the given circuit. If the capacitors have no charge 
initially, at what time (in seconds) does the voltage across 
them becomes 4 volt? [take In 5 = 1.6, In 3 = 1.1] 

(IIT-JEE 2010) 


2. In the following circuit, the current through the resistor 
R (= 2 Q) is Z Amperes. The value of I is: 
(JEE Advanced 2015) 


R=22 


19 
WW N 
8 x 
KRS 
ca N30 20 
102 
—62 
120 40 
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4. (1) 
Numerical Value Type 


LO 2. (1) 


4IVANOMETER 


: AMMETER 
wvanometer is a device that measures the Magnitude and fr enemas 


4 A galvanometer cannot be used directly to measure big currents. To 
Ag in a circuit. It is a w . y an 
ection of current n eea a very sensitive device, measure large currents, we have to carry out some modifications 
ich can be used to me y currents, say, in A. If in the galvanometer. What we get after modifications is known 
i „sa current through a galvanometer more than the specified as an ammeter. 
pe it may get damaged. The maximum current that can 


. Suppose we want to make an ammeter that can measure 
r passed through a galvanometer is known as the full-scale current up to Z. Such an ammeter is said to have a range of 0-/. 
yefection current (say, Ic). The resistance of a galvanometer is For this we have to connect a small resistance (known as shunt) 
ery small. in parallel with the galvanometer as shown in figure. 
ina galvanometer, there is a needle attached to a coil, which is 


abject to a magnetic field. Attached to the coil is a spring similar 
ú he hairspring on the balance wheel of a watch. 


zo 


The value of S is so selected that only J ç Current passes through 
2 - Poi the galvanometer and the remaining T-I; through the shunt. Let 

Permanent Wy í the resistance of the galvanometer be G. Since G and S are in 
Mog : : parallel, the potential difference across them should be same, 1.e.. 


GI 
IGS =U Ten Sa 


—4G 
The above equation gives the value of S to be connected in 
Soft-iron parallel with the galvanometer to convert it into an ammeter of 
core range 0-7. 
Note: 


e Resistance of ammeter: G and S are in 
Restoring E resistance is given by 


Pivoted 
coil 


parallel, so their 
torque G 


MEISIE 
Since S is a very small resistance (it has to be small if we 
want most of the current to pass through it), R 4 IS even 
smaller than S. In general, the resistance of an ammeter is 
very small. For an ideal ammeter, resistance is zero, 

e An ammeter is used in series to me 

e The reading of an 
actual current in the 


Magnetic- 
feld. 
torque 


asure the current. 
ammeter is generally lesser than the 


| ile circuit, It is because when we connect 
i ” equilibrium position, with no current in the coil, ae a an ammeter in the circuit to measure the current, the 
n wro. When Ter S aten in the coil, the magnetic r i ammeter introduces its own resistance in the circuit, which 
lr * torque on it. which is proportional to the current. i results in an increase in the resistance of the circuit and 
Ue ig à it, f the coil and hence decrease in the current. 
tedje ,_sPOnsible for the rotation © toring 
i ‘ao exerts a res e The lower tt 
gue nts: As the coil turns, the spring € Ne value of shunt r 


esistance, the higher the 
tiS proportional to the angular displacement. range of ammeter, 


a ae 


6.2 Electrostatics and Current Electricity 


e How an ammeter reads the current: The current through 


the galvanometer is responsible for the deflection of the 
needle of the galvanometer. We have to use this fraction of 
current (7) in measuring the actual current /. 

As the potential difference across G is the same as that 


across S, from the equation /,G = (/— I,,)S, we get 


S 
o= giz) alent 


Hence, Zo is proportional to / or the deflection of the needle 
is proportional to the current /. If the value of current J is 
changed, then the deflection of the needle also changes. 
The scale can be graduated to read the value of 7 directly. 


A galvanometer has a resistance of 50 Q and its full-scale 
deflection current is 50 pA. What shunt resistance should be 
added so that the ammeter can have a range of 0-5 mA? 


“Sol. Given J, = 50 pA. The upper limit gives the maximum 
current to be measured, which is J = 5 mA. The galvanometer 
resistance is G = 50 2. Now 

IG _ 50x 10° x 50 
I-I, 5x10°-50x10" 


What is the value of the shunt that passes 10% of the main 
current through a galvanometer of 99 Q? 


_ 50x 10° x 50 


xxl? 


S= 


Ba Given G = 99 Q and J, = (10/100) Z= 0.1 


(I-Ie) 


ILG  O0lix 
ot 2 a S A 
G-I) (1-017) 09 


The deflection in a moving coil galvanometer falls from 50 
divisions to 10 divisions when a shunt of 12 Q is applied. What 
is the resistance of the galvanometer? Assume the main current 
to remain same. 


bsok In case of a galvanometer, / = 6. 


( 
Given lg ee 
I 50 5 Ie) 
| WW 
i.e., laz 5 


Now as in case of a shunted 
galvanometer as shown in / 


figure, 


—— —. 


| ] 
(1-1) S=1,G or (r-51]x12=5 10 
or G=4x12=48 Q | 


Consider a circuit as shown in Fig. (a). We want to measure the 
current i flowing in the circutt. 


For this, we connect an ammeter of resistance R, as shows in 
Fig. (b). Find the percentage error in the current. 


GG Actual current is i = E/R. Let the current measured by 
the ammeter be i, then i, = EKR + R,), clearly L is less than i 
Percentage error is 


ii, E/R- EI(R+ R,) l Ro 
= x100 = a x100 2 ? 
l | EIR | R+R | 100 


A 


VOLTMETER 


A voltmeter an instrument used to find the potential difference 
across any two points in a circuit. A galvanometer can directly 
measure small potential differences only. To measure high 
potential differences, we have to do some modifications in the 
galvanometer. What we get after modifications is known as 
voltmeter. 


CONVERSION OF A GALVANOMETER INTO VOLTMETER 
Suppose we want to make a voltmeter that can measure the 
potential difference up to V; the range of the voltmeter is 7. 
For this, a suitable high resistance is connected in series 12 
the galvanometer such that when R 

a potential difference of V is 
applied, only a current Z; passes 

through the galvanometer as | 
shown in figure. We can write J 


V=1,(G+R) or R=——-G 
The above equation gives the value of R in terms of F- 

Note: 

e Resistance of voltmeter: R= G + R. Generally, Ry is very 
high, and for an ideal voltmeter, R, is infinite. ; 

e A voltmeter is used in parallel to measure potential 
difference. 

e The higher the value of R, the higher the range of voltmetet: 

e How a voltmeter reads the potential difference Let 
be the potential difference across a resistor to be meas” 
We have the relation, 


V i 
|,.=—— oe OF 
G nae ls v] 
alto 


We know that the deflection of the needle is proportio” dto 
the current / ç and hence to V. The scale can be gra e 


read the potential difference directly. 


ter has a resistance of 50 Q and its full-scale 


nomen | , 
Tas n current iS 50 pA. What resistance should be added 
| eo at it can have a range of 0-5 V? 

pit l 

given lg” 50 pA. Maximum voltage to be measured is 

“y. The galvanometer resistance G = 50 Q; Now, 
yz) ` ~ 
y 
ae 50x10“ 


itmeter has a resistance G ohm and range V volt. Calculate 


yo . ‘ 
se sistance to be used in series with it to extend its range to 
„ V volt. 
| lk +~ +R- 
A an CO) www B 
e—V — 
e— nr 


a The maximum current through the galvanometer is 
y 


Wah a multiplier resistor in series with galvanometer the 
wtential difference across the entire branch is 


nV=I,G+I1,R 
(Belen 
G G G 
R=(n-1)G 


£ glvanometer has a resistance of 30 Q, and a current of 2 mA 
enceded for a full-scale deflection. What is the resistance and 
tow is it to be connected to convert the galvanometer (i) into 
“ ammeter of 0.3 A range and (ii) into a voltmeter of 0.2 V 
ange? 


DD Given G= 30 Q and J,=2mA | | 
Ù To convert the galvanometer into an ammeter of range 
03A 


(1 1,) S= 1, G or (0.3 — 0.002) S = 0.002 x 30 


or g~ 9.002 30 

N 0.29% Saan 
i) To convert the galvanomeeter into a voltmeter of rang 
k : 70 82 
V=1(R + G) or 0.2 = 2% 10 


= (),20)3 22 


1304 Ry ork 


qual divisions. 
sions per 
How can 
sion and 


° Scale of a galvanometer is divided into 150c divi 

č galvanometer has a current sensitivity ses V. 
th and a Voltage sensitivity of 2 divisions per ead 
€ Salvanometer be designed to read (i) 6 A pe 


per division? 


____ Electrical Measuring Instruments 6.3 
F pe = . a: <s aoe 
“Sol. ull-scale voltage = 150 divisions/2 divisions per mV 
n =75 mV 
ull-scale current = 150 divisions/10 divisions per mA 
=15mA 
So resistance of galvanometer is 
g = Pull-scale voltage 75x10” 7 


Full-scale current 15% io an 


(i) Range of ammeter is / = 150 ¥ 6 = 900 A. So, 


IgG _ 15x10? x5 


S= ge 
I-I; (900-1510) 


=$3710° Q 


(ii) Range of voltmeter is V= 150 x 1 = 150 V. So, 


R- -g- 150 
le 15x10" 


J 


- 5 = 9995 Q 


(i) In figure, find the potential 2002 200 


difference between the To -F mea 
points A and B. | | 
(ii) Now we wish to measure | | 
this potential difference | | 

40 V 


by using a voltmeter of 
resistance 2 kQ. Find the reading of the voltmeter and 
percentage error. 
(iii) Solve part (ii) if the voltmeter were of resistance 20 k&2. 
What conclusion do you draw from the results you get im the 
above parts? 


Sol. 

(i) As both the resistances are same, +0 V will be divided 
equally among both the resistances. Hence, the potential 
difference across A and B is 20 V. 

(ii) Equivalent resistance of 200 Q and 2 KQ is 

_ 200 x 2000 _ 2000 Q 

' 200+2000 Il ` 
2 kQ 


Vis 


| tao Q E WOK 


| 


40\ 


Reading of voltmeter potential difference across 48 


O00 


| v Ll 


; 20 - 19.05 
Percentage error —— x 100 = 4.75% 


(iii) In this case 
200 x 20,000 _ 20,000 


Ka ih in 
' 200+20,000 101 


y N 
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Reading of voltmeter 
= potential difference across 4B 


20,000 
i 101 =19.90 V 
= j = 40| ——__—__ |=19. 
20,000 +200 
101 
20-19.9 a 
Percentage error = ———— 100 = 0.5% 


- 


In case (iii), percentage error is less than that in case (11). It 
means the more the resistance of the voltmeter, the more accurate 
the reading. 


A voltmeter reads 5.0 V at full-scale deflection and is graded 
according to its resistance per volt at full-scale deflection 
as 5000 Qv-. How will you convert it into a voltmeter that 
reads 20 V at full-scale deflection? Will it still be graded as 


5000 QV™? Will you prefer this voltmeter to one that is graded 
2000 QV"? 


BED Resistance per volt at full-scale deflection is 5000 QV *. 
Reading of voltmeter at full-scale deflection is 5 V. 
Therefore. resistance of voltmeter G is 5000 x 5 = 25000 Q. 


Also current for maximum deflection is 
7 


€ 50002 
Range of voltmeter to be changed to V = 20 V 


= 0.0002 A 


- V 20 
Now, R= — -G= 
I 0.0002 


— 25,000 


= 100,000 — 25,000 = 75,000 Q 
Thus, 7500 Q resistor is to be connected in series. 
Resistance of 20 V voltmeter is 75000 + 25000 = 100,000 Q. Its 
grading becomes 100000/20 = 5000 QV ~!, which is same as in 
the earlier case. A voltmeter with grading 2000 Q V ~ will have 


less 


less resistance and is, therefore. not preferred. 


You are given two resistors X and Y whose resistances are 
to be determined using an ammeter of resist 
a voltmeter of resistance 20 KO). Jt is known 
range of a few ohms while Y is in the ran 
ohms. In each case, which of the follo 


(figure) would you choose for resistance 
your answer, 


ance 0.5 © and 
that X is in the 
ge of several thousand 
wing two connections 
© measurement? Justify 


A af ! > Why 2 A) > 
oo ! ( V) 
(a) i (b) 


“Sol. Let us measure a resistance R using circuit (a), 


I R 


A aye 


y}—__—— 
True value = R 
V 
Measured value = 7 =R+R, 
R+R,—-R 
Percentage error = — P x100 
R,x100 0.5x100 50 
© R R R 


So the more the value of R, the lesser the percentage error, 


Hence, circuit (A) should be used to measure Y. Now, let us 
measure R using circuit (b). 


] "o TO 
R 
| 
Ry C y 
True value = R 
V 
Measured value = 4 = EE 2 o o y 


Percentage error = 


The lesser the value of R, the lesser the percentage error. 
Hence, circuit (b) should be used to measure ¥. 


A voltmeter of resistance R, and an ammeter of resistance 2 i 
are connected in series across a battery of negligible intemal 
resistance. When a resistance R is connected in parallel to 
voltmeter, reading of ammeter increases three times while that 
of voltmeter reduces to one third. Find R, and R, in terms of R 


TSOP Let a battery of th 


e emf E is connected in series with 
voltmeter and ammeter 


as shown in figure [case (i)]. 


s I 4 ) A j U 
i yi a 
Ry R, 
Case (i) 


Case (ii) 

In case (ii) the reading of ammeter increases three times 
and the reading of the Voltmeter reduces to ene third, it means 
main current increases three times (31) while current through 
voltmeter will reduce to one third (i/3). Hence, the remaining 
3i i13 = Bi / 3 passes through R as shown in figure. 


á 


| 
\ 


| 
| 
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odd 
ential l ; 
m i |R = 8i R or R, =8R (i) 
paa 


cond case, the main current becomes three times. It 
the se l i 
is pi il resistance becomes 1/3 times or 
e 
ans P 
inet 


1 
p r R) a(i) 
j 


2, <8 
jy and (i) We geb 473 


from 


the emf E and the internal resistance r of the battery shown in 
gure are 6.0 V and 2.5 Q respectively. The external resistance 
Ris 25 Q The resistances of the ammeter and voltmeter are 
:0 Qand 225 Q, respectively. 


E y 
pa 


S 


(i) Find the reading of the ammeter and voltmeter 
iii) Ifthe switch is thrown to other side then find the reading 
< of the ammeter and voltmeter at this situation. 


(a) When switch is at position ‘1° 
2.5 Q 


600 V 


Ry=225 Q 
The equivalent resistance of the circuit 
25x 225 
R =2545. 25% 225 
0 $2549.04) 995425 


=2.54+5.04 22.5 = 30.02 
6.0 


i =- — = 2 =0.2A 
The current drawn from battery / = 500° 5 
This is the reading of ammeter. 
ae difference across AB 


Thereading ofthe voltmeter = potential 
=ix R, =0.2x22.5=4.5 V 
(b) When the switch is at position ‘2’ 


2.56 
Niv—— 


6.0 V 
—_ 


The equivalent resistance 


Ra = 54 ae oa 
(30+225) 102 
6.0 

The current supplied by battery i = T =0.2A 
The current in ammeter branch 

225 

i, =0.2x —-——— = 018A 

(30+ 225) 


This is also the reading of the ammeter. . 
The reading of voltmeter should be equal to the potential 
difference across the branch having ammeter. 

Hence V, =0.18x (20+ 5) = 44V 


Two voltmeters V, and V, of resistances 5000 Q and 3000 22, 


respectively are connected with the resistances R Sa 3000 92, 
R, = 5000 Q and an ideal battery of emf E = 400 V is connected 
across the voltmeters as shown in figure, then 


>» 


2 


(a) Find the reading of voltmeters V, and V, when 
(i) switch S is open 
(ii) switch S is closed 

(b) Current through the switch S, when it is closed. 


(a) (i) At the time when switch S is open, F, and F, are in 


series, connected to 400 V battery. Potential will drop 
in direct ratio of their resistors, 


5 
Hence, = M 400 = 250 V 


i 
And, V, = x400=150V 


(ii) When the switch S is closed then V, and R, are in 
parallel, Similarly, V’, and R, are also in parallel. Now, 
they are in series and they come out to be equal. So, 
400 V will equally distribute between them. 


, , 400 
“ KWsVi,=— : = 700 V 
2 
(b) From figure it can be observed, i, = 400 - 200 _i 
i 3000 15 
200- 
mira oola 
5000 25 
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400 V 


; 5000 Q ~~ 3000 Q 
1 


VA AW 
30002 _ B 5000 Q 
200 V 
200 V 200 V 
If we apply junction law at B, then current through switch 


i—i, = ca A in upward direction. 
75 


Two resistances R, = 50 Q and R, = 40 QA are connected with 
a battery of e.m. f 5 V and intemal resistance 20 Q as shown 
in figure. A voltmeter of resistance 1000 Q is used to measure 
the potential difference across R,. Find the percentage error is 
made in the reading. 


1000 Q 


Sol. When voltmeter is not connected the current in the circuit 
is given as 


ee eee 
r+R +R, 20+50+40 10 22 


Potential difference across resistance (R,), 


a 25 
V =ix R =—x50=2V 
xR = 35 11 


When the voltmeter is connected across R, then the voltmeter 
resistance is taken in parallel with R, thus total resistance is of 
this part of circuit is given as 


, _1000x50 _ 1000 
1000+50 21 


ae: _ 21 
(204 40+ | 452 
21 


Potential difference measured by voltmeter, 


Current in the circuit, i’ = 


V, -px pra ZL, 1000 _ 250 
452 21 113 
25 _250 
Percentage error in reading, e = 11 113 99 = 300 % 
25 113 
11 


CONCEPT APPLICATION EXERCISE 6.1 


1. A 100 V voltmeter having an internal resistance of 20 kQ 


. In the circuit shown in figure ammeter and voltmeter are 


Neng ae 


is connected in series with a large resistance R across =| 
110 V line. What is the magnitude of resistance R if the | 
voltmeter reads 5 V? 


. A galvanometer with a coil of resistance 12.0 Q shows | 


full-scale deflection for a current of 2.5 mA. How wil] | 
you convert the meter into 

(a) an ammeter of range 0 to 7.5 A? 

(b) a voltmeter of range 0 to 1.0 V? 


_ What shunt resistance is required to make a 1.00 mA, | 


20.0 Q meter into an ammeter with a range of 0 to | 
50.0 mA? 


. It is required to measure the resistance of a circuit 


operating at 120 V. There is only one galvanometer of | 
current sensitivity 10% A per division. How should the 
galvanometer be connected in the circuit to operate an 
ammeter? What minimum resistance can be measured 
with such a galvanometer if its full-scale has 40 divisions? 


. Two cells of emf 1.3 V and 1.5 V respectively are 


arranged as shown in figure. The voltmeter reads 1.45 V. 
The voltmeter is assumed to be ideal. Find the ratio of 


internal resistances of the batteries E = | 
Ey n 
pany 


E n 
Hv 


. A voltmeter connected in series with a resistance R, to 


a circuit indicates a voltage V, = 198 V. When a series 
resistor R, = 2R, is used, the voltmeter indicates a voltage 
¥180 V. If the resistance of the voltmeter is R, = 900 Q. 
find the a voltage across A and B. 


SRR, 
oe Gisov 


. A moving coil galvanometer of resistance 20 Q gives a 


full-scale deflection when a current of 1 mA is passed 

through it. It is to be converted into an ammeter reading 
20 A on full scale. But the shunt of 0.005 Q, only i$ | 
available. What resistance should be connected in series- 
with the galvanometer coil? 


ideal If E=4V,R=9Q and r=1Q,, find the readings of 
ammeter and voltmeter. 
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sR, and R,, each 60 Q, are connected in series. | 
9, tential difference between points A and B is 120 V. 
he te reading of voltmeter connected between points 


4D ifits resistance R,,= 120 Q. | 


A B 


Acell of emf 3.4 V and internal resistance 3 Q is connected 
to an ammeter having resistance 2Q and to an external 
resistance of 100 Q. When a voltmeter is connected across 
the 100 Q resistance, the ammeter reading is 0.04 A. Find 
the voltage reading by the voltmeter and its resistance. 
Had the voltmeter been an ideal one what would have 
been its reading? 


ll. A milliammeter of range 10 mA and resistance 9 Q is 
jomed in a circuit as shown. The meter gives full scale 
deflection for current J when A and B are used as its 
terminals, i.e. current enters at A and leaves at B (C is left 
isolated). Find the value of Z . 


9 2,10 mA 


12. In the circuit, a voltmeter reads 32 V when it is connected 
across 400 Q resistance. Calculate what the same 
voltmeter will read when it is connected across the 300 Q 
resistance? 


64 V 


400 ©2 


N 
Le 


B, A galvanometer (coil resistance 99 Q) is converted into an 
ammeter using a shunt of 1 Q. and connected as shown In 
Fig. (a). The ammeter reads 3 A. The same galvanometer 
is converted into a voltmeter by connecting a resistance 
of 101 Q. in series. This voltmeter is connected as shown 
in Fig. (b). Its reading is found to be 4/5 of the full-scale 


300 Q 
i am 


7 
| kv 
22 
(a) (b) 
(a) Internal resistance r of the cell 
(b) Range of the ammeter and voltmeter 
(c) Full scale deflection current of the galvanometer. 

14. A battery of emf 1.4 V and internal resistance 2 Q is | 
connected to a resistor of 100 Q resistance through an | 
ammeter. The resistance of the ammeter is 4/3 Q. A | 
voltmeter has also been connected to find the potential 
difference across the resistor. 

(i) The ammeter reads 0.02 A. What is the resistance of 
the voltmeter? 
(ii) The voltmeter reads 1.1 V. What is the error in the 
reading? 
ANSWERS 
1.420 KQ 
2. (i) By applying shunt resistance of 4.0 x 103 Q 
(ii) By applying series resistance of 3988 Q 
3.0.408 Q 4. Series, 3 MQ 5.3 6.220 V 
7.80 Q 8.1A,3V 9.48 V 10. 400 Q, 3.2 V.3.238V 
111A 12.24V = 13. (a) 1.01Q (b) 5A, 10 V (c) 0.054 


14. (i) 200 Q (ii) -0.233 V 


POTENTIOMETER 


When we measure the current or potential difference using an 
ammeter or voltmeter, we do not get exact values, because when 
we connect the ammeter or voltmeter in the circuit, it disturbs 
the original circuit. But potentiometer is an instrument that can 
measure current or potential difference accurately. Basically. a 
potentiometer does not draw any current from the original circuit 
and hence does not disturb the original circuit. i 

It is based on the principle that iť a constant current is passed 
through a wire of uniform cross section, the potential difference 
across any segment of the wire is Proportional to its length. Let a 
current / pass through a wire 4 


of uniform cross-sectional 
shown below. 


area 4 as 
PE ae, 
Consider a segment of length / of the wire. Resi 


segment is given by R = pl/A. Potenti 
segment is given by 


stance of this 
al difference across this 


reading. Find: 


Y= IR = Ipl/A or V= kl or k= y 


i 
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where k = Ip/A is the potential difference per unit length known 
as potential gradient. 


CONSTRUCTION OF POTENTIOMETER 


A potentiometer consists of a wire AB of uniform cross section, 
generally 1-10 m long, fixed on a wooden board. Let the 
resistance of AB be r. 

Eo Ry 


-O A 
K 


Copper w 
strip “ 


The ends 4 and B are connected to a battery Ey (known as 
driving battery), a switch K, and a rheostat R,. On closing the 
switch. current J is established in the wire AB, 1.e., 

f= oe 
R,+r 


Current J can be adjusted by varying the value of R,. A jockey 
J can slide freely on AB. The jockey touches the wire at C. A 
scale is fitted on the wooden board parallel to AB so that length 
AC can be read. Between points D and F, we can insert any cell, 
resistance, or any other device of which we need the current or 
voltage information. After inserting such a device, the jockey is 
slid on the wire, and the location of C is so selected that finally 
there is no current through the galvanometer. In this condition, 
the applied potential difference across D and F will be equal to 
the potential difference across the segment AC. 


USES OF POTENTIOMETER 


Comparison of emf of two cells: Consider two cells of emfs £, 
and E, are connected across points D and F along with switches 
K, and K, as shown in figure. Initially, both the switches are open. 


Ey R 


[—{ | 
I K c S 


First close switch K, and move the jockey on the wire AB until 
the galvanometer shows no deflection. When AC = / p deflection 


in the galvanometer becomes zero. Then from the principle of 


potentiometer, we get 
E,=Kl, salt) 


where k is the potential gradient of AB. We can say that Æ is 
balanced at length /,. 


Similarly, on opening switch K, and closing K,, let £, be balanceg s 
at length /,, then | ) 
E, = kl, - (ii) | 
From Eqs. (i) and (11), 
Bh | 
E h 
Thus we can compare the emfs of the cells. 
Determination of internal resistance of a cell: Suppose We 
have a cell of emf E whose internal resistance r is to be measured, 
S 
-\\/\/\—— 
(J- I,) 


Ammeter 


(a) 


E R; 
|}_{ @) AA 


i 


A 
A 


Connect the cell in the circuit of the potentiometer as shown in 
figure. First keep switch S open and slide the jockey so that there 
is no deflection. Let the balancing length be /,. Then 

E= ki, ..-{1) 

Now close switch S and again find the balancing length. Let the 
balancing length be /,. A separate current, say, Z, 1s established 2 
the lower circuit. /, is given by 
tt 

R+r 


Let the terminal potential difference across the cell be V, then 


I 


1 


V= kl, or 1R = kl, or R=kl, {ut 


R+r 
From Eqs. (i) and (ii), 


R+r |, l-l, 
—— = — or r =| — IR 
R l, ont l i 


p 
Thus, we can measure the internal resistance of a cell. 


Note: We can also write 


h=? kl, — kl E-V | 
pe] tt | Ro} M2 = Fre 
I ) | Kl, Jr or r ( 7 | 


Sensitivity of potentiometer: The sensitivity of a potentiomet®! 
means the smallest potential difference that can be measu 
with its help. It can be increased by decreasing the potenti? 


D S 


Y 
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| e same can be achieved by increasing the length 

gett jometer wire and by reducing the current in the 
f he n wire circuit with the help of a rheostat if the 
ot” aome 


perO eter wire is of fixed length. 
tio 
ote 


— 


otentiometer circuit shown in figure, points Y and Y 
por the t the two terminals of an unknown emf £. A student 
pres that when the jockey is moved from the end A to 
ie B of the potentiometer wire, the deflection in the 
ne eter remains in the same direction. What are the two 
ei faults in the circuit that could result in this observation? 
pos 


ifthe galvanometer deflection at the end B is (i) more (ii) less 

han that of the end A, which of the two faults, listed above, 

would be there in the circuit? Give reasons in support of your 
| answer in each case. 


Sol. The two possible faults due to which deflection in the 
salvanometer remains in the same direction are: 


(a) The positive terminal of € (unknown emf) is not connected 


to the point A where the positive terminal of & (driving 
cell) has been connected. 


(b) Ifemf of the driving cell is less than the emf of the unknown 
cell (€'<€) 

(i) Ifthe galvanometer deflection at the end B is more than 
at the end A. The fault in the circuit is the one that is 
listed (a) above. This is due to the reason that the —ve 
terminal of Z is joined to negative terminal of £. The 
two emfs thus support each other and their resultant 
emf is the sum of the two. 


(ii) If the galvanometer deflection at the end B is less 
than that at the end A, the fault in the circuit is the one 
that is listed (b) above. This is due to the reason that 
the resultant emf is the difference of the two emf s as 
the fault (a) is not there and the two cells oppose each 
other, £ is unable to balance £. 


WGereariGN 6.17 


The circuit shown in figure shows the 
use of potentiometer to measure the 
'temal resistance of a cell. 

8) When the key is open, how does 
the balance point change, if 
the current from the driver cell 
decreases? 

(b) When the key is closed, how does . 
the balance point change, if R is increased, keeping the 
Current from the driver cell constant? 


(a) lfcurrent from driver cell decreases, then potential gradient 
decreases. So the balancing length should increase. Hence, 
balance point shifts toward right. 

(b) IfR is increased, current in the lower circuit decreases, due 
to which terminal potential difference of battery increases. 
To balance increased terminal potential difference, 


balancing length should increase, hence balance point 
shifts toward right. 


A potentiometer wire of length 1 m is connected to a driver cell 
of emf 3 V shown in figure. When a cell of 1.5 V emf is used in 
the secondary circuit, the balance point is found to be at 60 cm. 
On replacing this cell and using a cell of unknown emf, the 
balance point shifts to 80 cm. 


(i) Calculate unknown emf of the cell. 

(ii) Explain with reason, whether the circuit works, if the 
driver cell is replaced by a cell of emf 1 V. 

(iii) Does the high resistance R, used in the secondary circuit 
affect the balance point? Justify your answer. 


Hence, £, = (1.5 vfi) =2.0V 
60cm 


(ii) The driver cell must have higher emf than that of the cell 
in the secondary circuit. Since emfs (1.5 V and 2.0 V) of 
the cells in the secondary circuit are greater than 1 V. the 


balance points for them cannot be obtained on 4B and the 
circuit does not work. 


(iii) Since no current flows in the secondary circuit a: the 


balance point, the high resistance R in this circuit does not 
affect the balance point. 


Figure shows a potentiometer circuit for 
resistance of a cell. When switch § is o 
is found to be at 76.3 cm of the wire. When switch S is closed 


and the value oF R is 4.0 Q, the balance point shifts to 60.0 cm 
Find the internal resistance of cell ce 


€ 
ed 


determining the mal 
pen, the balance point 
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Sol.) Let £ be the emf of the cell C' and r its internal resistance. 
Let | = AJ be the balance length when switch S is open. When 
a resistance R is introduced by closing the switch a current 
begins to flow through the cell C’ and resistance R. The potential 
difference between the terminals of the cell falls and the balance 
length increases to l= AJ’. 


E-V 


The terminal resistance of the cell, 7 = E 


where V is the terminal voltage of © and / is the current in the 


V 
circuit involving C’ and R. Also / = a 
Hence r= G = | R 


l-l 
= 7 . Hence F = a") 


p= aox) Q 
60.0 


But 


S| ty 


A potentiometer wire has a length L and resistance R,. It is 
connected to a battery and a resistance combination as shown 
in figure. Obtain an expression for potential drop per unit 
length of this potentiometer wire. What is the maximum emf of 
the “test cell” for which one can get a 
‘balance point’ on this potentiometer 
wire? What precaution should one 
take while combining this “test cell” 
in the circuit? 


‘Sel Equivalent resistance of parallel combination of R and S, 


_ RS 
P” R+S 
Total resistance in the circuit, R = R,, +R, = R, + i 
(R+S) 
Current in the circuit, I = E 
RS 
R, + 
(R+S) 
. on ER, 
Total potential difference across AB, V =/R, = RS 
yt 
(R+S) 
Thus, potential difference per unit length, 
_ r ER, 
L| R,, + aa 
(R+S) 
Maximum emf of the test cell kL = Pi — 
a+ RS 
(R+ 8) 
In fact, the emf of the test cell should be legs than ny. 


The test cell should be connected with its 
end A of the potentiometer wire AB. 


Ç TE 
(R+S) 


positive terminal at the 


Figure shows a potentiometer circuit for comparison ™ 
two resistances. The balance point with a standard resistor 
R = 10.0 Q is found to be 58.3 cm, while that with the unknown 
resistance X is 68.5 cm. Determine the value of X. What would 
you do if you fail to find a balance point with the given cel] £y 


Eo 

—| | 
58.3cm 68.5cm = 
A B 


Let J be the current in the potentiometer wire and E, and £, 
be the potential drops across R and X, respectively. Then i 


E 
es, gp Mae Ai) 
, IR R E, 
E h 
But == 
E, l 
From Eq. (1), 
yeep”? eet sa 
l, 58.3 


If there is no balance point with the given cell of emf E. 1 
means the potential drop across R or X is greater than the 
potential drop across the potentiometer wire AB. In order t 
obtain the balance point, the potential drops across R and X are t0 
be reduced, which is possible by reducing the current. For that 


either a suitable resistance should be put in series with R and ¥ 


or a cell of smaller emf should be used. Another possible way 5 
to increase the potential drop across the potentiometer wire by 
increasing the voltage of driver cell. 


Figure shows a 2.0 V potentiometer used for the determinaton 
of internal resistance of a 1.5 V cell. The balance point of the 
cell in open circuit is 76.3 cm. When a resistor of 9.5 Q is wee 
in the external circuit of the cell, the balance point shifts © 


64.8 cm, length of the potentiometer. Determine the intemal 
resistance of the cell. 


yo 


o 


PaT E 


A 1 216.3. 0, h= 64.8 cm, r =?,R=9.5 


pete 1 
3-648 
g G p-[ MA |x95=1.080 


ig 
w 


Pe 
DATION Y 


= y is applied to a 
voltage C whose sliding 
fo actly in the middle. A 
o e y is connected between 

ieee contact and one fixed 

p f she potentiometer. It is 

ef "ed that the resistance of the voltmeter is not very high 
iso? to the resistance of the potentiometer wire. 
r y voltage will the voltmeter show: higher than, less than, 
requal tO yy? 


í 


a Let R be the resistance of the whole potentiometer wire 
dR, be the resistance of the voltmeter. Then the total resistance 
sos section AC is 
_ RAI 2) _ R P R 
Rc =R 4 (R12) 21+R/2R,) 2 


The resistance of section CB is equal to R/2. So the reading of 
se voltmeter will be less than V,/2. 


Potentiometer wire PO of 1 m length is connected to a standard 
œl E. Another cell E, of emf 1.02 V is connected with a 
resistance r and a switch S as shown in the circuit diagram. 
With switch S open, the null position is obtained at a distance 
of 51 cm from P. 

(i) Calculate the potential gradient of the potentiometer wire. 
(i) Find the emf of cell £. 
(ii) When switch S is closed, will the null point move toward 

P or toward Q? Give reason for your answer. 


| * 


P| Q 
i ETETE AA 
+ | — 
d | E ~ 
| 2 
o | 5 


1 | Bap 
(i) Potential gradient is 
k = A = 1.02 = 


| m I 0.51 
i) The'emf of the cell is 


(ii) When the switch S is closed, there is no shift in the position 
of the null point because it depends on the potential gradient 


2 Vm” 


of battery E , and the resistance of the potentiometer wire 
| circuit and length of potentiometer) and the emf of cell £, 
| Which does not change when the switch S is closed. 


along the potentiometer wire (which depends on the emf 
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5 
\ 


In figure, AB is a Im 
long uniform wire of 10 
Q resistance. Other data 
are shown in the figure. 
Calculate (i) potential 
gradient along AB and 
(ii) length AO when the 
galvanometer shows no deflection. 


Meh | 
UNO 


(i) Current in wire AB is I= 2/(15 + 10) = 2/25 A 
Potential difference across AB is 
V = IR = 2/25 x 10 = 0.8 V 
Potential gradient along AB is 
k= Vil = 0.8/1 =0.8 Vm! 
(ii) Current through 0.3 Q is 
1.5 


ee eA 
12+0.3 


Potential difference across 0.3 Q is 1 x 0.3=0.3 V 
Let /, be the length AO, then 


0.3 =0.8x/, 
or 1, = 0.3/0.8 = 0.375 m 


Cells A and B and a galvanometer G are connected to a slide 
wire OS by two sliding contacts C and D as shown in figure. 
The slide wire is 100 cm long and has a resistance of 12 Q. 
With OD = 75 cm, the galvanometer gives no deflection when 
OC is 50 cm. If D is moved to touch the end of wire S, the 
value of OC for which the galvanometer shows no deflection 
is 62.5 cm. The emf of cell B is 1.0 V. 
Calculate 

(i) the potential difference across O and D when D is at 

75cm mark from O 

(ii) the potential difference across OS when D touches S$ 
(iii) internal resistance of cell 4 
(iv) the emf of cell A 


A 
O - o - = Y eş 
D ~ 
po) 
a | os 
Resistance of wire OD is 
3 | 
— 75 =9 
100 s 
Let E and r be th y i 
Di e emf and internal i 
cineca resistance of cell Æ, 


(i) Since | V is balancec 
nee s balanced across 50 cm. s i i 
of wire is 1/50 Vem"! ee 


. Therefore, voltage dro f 
OD of length 75 cm is (1/50) x 75 = ae Y ikia 
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(ii) Now potential gradient of wire is 1/62.5 Venr!. Therefore, 
voltage drop across wire OS of length 100 cm is (1/62.5) X 
100 = 1.6 V. 
(iii) For first case 
(5o (i) 
9+r 
For second case 


I £ Jx12=1.6 (ii) 


12+r 
(iv) On solving Eqs. (i) and (ii), we get r = 3 Qand E=2 V. 
i ee SIS AE eal 


METER BRIDGE OR SLIDE 
WIRE BRIDGE 


A slide wire bridge is a particular application of Wheatstone 
bridge and is used for (a) measuring an unknown resistance and 
(b) comparing two unknown resistances. A slide wire bridge 
works on the principle of Wheatstone bridge. 


CONSTRUCTION 

A slide wire bridge consists of a uniform wire AC, usually of 
eureka or manganin of 1 m length. It is stretched on a wooden 
board between two copper strips. A meter scale is fitted on the 
board parallel to the length of the wire. Another copper strip is 
fitted on the wooden board in order to provide two gaps. 

In one of the gaps (say left gap), a resistance box R is 
connected, while in other gap (right gap), an unknown resistance 
S is connected. A cell E and a key K are connected across the 
ends 4 and C as shown in figure. 


CHECKING OF CONNECTIONS 


Close the key K and put the jockey at the end A of the wire and 
see the direction of deflection in the galvanometer. Now remove 
the jockey from A and put it at the end B of the wire and note the 
direction of deflection in the galvanometer. If the direction of 
deflection reverses, the connections are correct. 


WORKING 


Close the key K and take out some suitable low resistance R from 
the resistance box. Now move the jockey gently on wire AC till 
the galvanometer shows no deflection. Let this point be B on the 
wire. Let AB = l, then BC = (100 —/). 

Let the resistance of the wire between A and B be P and the 
resistance of the wire between B and C be Q. If r is the resistance 
of the wire of unit length, then 


P=lIrand Q=(100-J)r 
According to the principle of Wheatstone bridge, 


PR o_o -2 or s=) 
Qo Ss  (00-/r S I 


If A and R are known, S can be calculated. 


In the simple potentiometer 

circuit, where the length 

AB of the potentiometer 5 Q 20 
wire is 1 m, the resistors 

X and Y have values of © B 
5 Q and 2 Q, respectively. 

When_X is shunted by a wire, | 
the balance point is found to 

be 0.625 m from A. What is the resistance of the shunt? 


E 


E Sol. | Let R be the resistance of the shunted wire. The effective 
resistance of R and 5 Q in parallel is 5R/(5 + R). 

At balance point, 

5R/(5+R)_ 0.625 0.625 


3 10.625 0.0375 


w| 


On solving, we get R=10 Q. 


In the given circuit, a meter bridge is shown in a balanced state. 
The bridge wire has a resistance of 1 Qcm`. Find the value 
of the unknown resistance X and the current drawn from the 
battery of negligible internal resistance. 


© 6Q 


60 cm 


Sol, ) For the balanced bridge, the ratio of the two resistances 
to the ratio of the lengths of the two parts 4J and JB ot 
the wire, i.e., 


X — 40cm 


cO olem or X=4Q 


No current flows through the galvanometer G. The resistances of 
the parts AJ and JB are 40 Q and 60 Q, respectively. If R is the 
equivalent resistance between the points 4 and B, then we have 


l l | 


a See eee ee 
R (X+6)Q  (40+60) Q 
or R= — 


-K 6V 
R (100/11)Q Hoi 


er bridge experiment, null point is found at length 
in? Ms game experiment when the known resistance R is 
9 ™ w10 Q resistance, null point is found to be shifted by 
| shunt? find the unknown resistance _Y, 


ioc 
In first case? 
E 
ac 
100-7 . y _( 100-20). l 
(eF) or X (—* R=4R so) 


Resistance box 


Case (ii) 


ln second case: When known resistance R is shunted, the net 
istance in this slot will decrease (say R’). Therefore, its new 
‘ull point length should also decrease i.e. null point will shift 


wards left. 
| R- Po 20—10 _l 
X 100-7 100-(20-10) 9 
oe 
Or X =9R’ ..- (1) 
Ftom Eqs. (i) and (ii), we have 4R =9R' Gii) 
ji | ] ] 
| Rig resultant of R and 10 Q. in parallel T = i0 + R 
f | . 
> Or R 10R (iV) 
10+R g 
From (43: | 10K | 
(ili) and (iv) we get, 4R = | T 


; 50 
Solving this equation, we get R = 7 Q 


Now, from Eq. (i), the unknown resistance 


| x=4r=4(22) or X =502 
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Figure shows a meter bridge (which is nothing but a practical 


Wheatstone bridge), consisting of two resistors Xand Y together 


m parallel with a meter long constantan wire of uniform cross 
section, 


Y 


an AAS 
lel 
A = a | —HCA 
E 


With the help of a movable contact D, one can change the 
ratio of resistance of the two segments of the wire until a 
sensitive galvanometer G connected across B and D shows no 
deflection. The null point is found to be at a distance of 33.7 
cm. The resistor Y is shunted by a resistance of 12 Q, and the 
null point is found to shift by a distance of 18.2 cm. Determine 
the resistance of X and Y. 


So As the wire is of uniform cross section, the resistances of 
the two segments AD and DC of the wire are in the ratio of the 
lengths of AD and DC. According to the condition of balance of 
Wheatstone bridge, 


Xh 
Y L 
Here l = 33.7 cm and l = 100 — 33.7 = 66.3 cm 
Æ 33.7 l 
Y 663 sAn 


As resistance Y’ is due to a parallel combination of resistance Y 
and a resistance of 12 Q, 


1 ality 8 2Y 
Y 12 lay ¥ 


l 
y’ 
Since Y” is less than Y, the ratio X/Y” will be greater than -Y Y and 
the null point should shift toward end C. 


X _33.7+18.2 519 


Y’ 663-182 481 


or - — = — 
I2Y 481 
51.9 © SL ; 
w heys xix Ls aE 
48.1 X 481 30 
25479 
or  Y=2547-12=1347Q 


Putting this value in Eq. (i), we get 


33.7 x 33.7 13.47 
= —— x 13.47= 6.85 
66.3 66.3 6.850 


Scie 


ce E DEEE 


6.14 Electrostatics and Current Electricity _ 7 


RHEOSTAT 


It is a device which is used for changing the strength of the 
current in an electrical circuit and dividing the potential. It 
consists of a nichrome wire with high specific resistance and low 
temperature-coefficient of resistance, wound on a hollow china- 


clay cylinder. Its turns are insulated from each other. The ends of 


the wire are connected to the binding-screws 4 and B fixed at the 
base. A metal rod CD is fixed above the cylinder parallel to it. It 
carries a sliding metallic strip S. The strip can be slide to and for, 
pressing the coil of the wire. It is called the ‘sliding contact’. A 
binding screw C is fixed at one end of the rod. 

The rheostat can be used in two ways: 

(i) As a potential-divider: A battery, whose potential 
difference Vis to be divided, is connected across the binding 
screws 4 and B; and the electric circuit is connected across 
A and C (or across B and C) as before (figure) 


To electrical 
D S C circuit 


NIVVVVVVVV VV VVV 
X 


If the distance of the contact-point X of the sliding-contact 
S be three-fourth length of the wire AB from a screw 4, 
then the potential difference between A and X should be 
three-fourth the total potential difference i.e., 3 V/4. Hence 
a potential difference of 3 V/4 will be established across 
the circuit. It means by sliding the contact point X from 
A to B any desired potential difference from 0 to V can be 
established across the circuit. In the electric circuit, the 
symbol of potential divider is: 


“WWW 


(ii) As a current-controller: For using rheosted, as one wire 
of the circuit is connected to one of the binding screws A 
and B fixed to the base and the other wire is connected to 
the binding screw C fixed to the rod as shown in Fig. (a) 
and (b) below. 


, To electrical D To electrical 
| 2 5 C circuit c circuit 
| v 
OANA ALAR AWW 
qi WV ///—B A A B 
(a) (b) 


Hence, in the first position [Fig. (a)] the resistance of the 
length AX of the rheostat wire is included in the circuit, 
and in the second position [Fig. (b)| the resistance of the 
length XB of the wire is included. By sliding the sliding- 
contact on the rod CD, the value of resistance included 
in the circuit, and hence the current in the circuit, can be 
changed. In the circuit, the rheostat is indicated by the 
symbol. 


—NVVVWV VY VV VVV VV = 


CONCEPT APPLICATION EXERCISE 6,5 


1. What will be the effect on the accuracy of the result if we 


replace a single-wire potentiometer by a potentiomete, 
having 12 wires, the length of each wire being | m? 


In the circuit shqwn in figure, 


x £ 
a meter bridge is in its balance pM j MA 
state, The meter bridge wire 
has a resistance of | Q cm`'. 
Calculate the value of the || 40cm / 60 cm 


unknown resistance X and Ly 8 
the current drawn from the 

igible internal | 
battery of negligib j 


resistance. 


. The variation of potential difference V with length / in 


case of two potentiometers X and Y is as shown in figure, 
Which of these two will you prefer for comparing the 
emfs of the two cells and why? 


V 


I 


. Two unknown resistances X and Y are placed on 


the left and right gaps of a meter bridge. The mall 
point in the galvanometer is obtained at a distance 
of 80 cm from left. A resistance of 100 Q is now 
connected in parallel across X. The null point is then 
found by shifting the sliding contact toward leit by 
20 cm. Calculate X and Y. 


. In an experiment with a potentiometer, the null point is 


obtained at a distance of 60 cm along the wire from the 
common terminal with a Leclanche cell. When a shunt 
resistance of 1 Q is connected across the cell, the null 
point shifts to a distance of 30 cm from the comme? 
terminal. What is the internal resistance of the cell? 


. In the experiment of calibration of voltmeter. a standard 


cell of emf 1.1 V is balanced against +40 cm ot 
potentiometer wire. The potential difference across the 
ends of a resistance is found to balance against 220 cm ot 
the wire. The corresponding reading of the voltmeter IS 
0.5 V. Find the error in the reading of voltmeter. 


. The resistance wire 4B in the balancing setup shown " 


figure is 10 cm long. When 4C = 40 cm, no deflection 


occurs in the galvanometer. Find the unknown resistances 
R. 

10 

Ww 


. Figure shows a potentiometer arrangement with R 4p 7 109 


and rheostat of variable resistance x. For x = 0 null 


deflection point is found at 20 cm from A For unknow” 


> — 


of x pull deflection point was at 30 cm from A, then 


ind the value of x: 


,gV battery of negligible internal resistance is connected 
|” cross a uniform wire AB of length 100 cm. The positive 
terminal of another battery of emf 4 V and internal 
| resistance 1 Q is joined to the point 4 as shown in figure. 
Take the potential at B to be zero. 
6V 


VV 
4V 1Q 


(a) What are the potentials at the points A and C? 

(b) At which point D of the wire AB, the potential is 
equal to the potential at C? 

(c) If the points C and D are connected by a wire, what 
will be the current through it? 

(d) If the 4 V battery is replaced by 7.5 V battery, what 
would be the answers of parts (a) and (b)? 

A battery of emf 2 V and negligible internal resistance 

is connected across a uniform wire of length 10 m and 

resistance 30 Q. The appropriate terminals of a cell of 

emf 1.5 V and internal resistance 1 Q is connected to 

one end of the wire and the other terminal of the cell is 

connected through a sensitive galvanometer to a slider 

on the wire. What is the length of the wire that will be 

required to produce zero deflection of the galvanometer? 

How will the balancing length change? 


2V 


10. 


1 
“V/V/V 
1.5V 
(a) When a coil of resistance 5 Q is placed in series with 
the accumulator. . na 
(b) The cell of 1.5 V is shunted with 5 Q resistor! 


DO 


| L. Accuracy increases 2. 2 Q 

| 3. The potentiometer Y will be preferred 

4. X= 300 ar-a 5.10 
3 


: 3 
SQ 8.50 


| 9.(a)6 V, 2V (b) AD = 66.7 cm (c) Zero 
(d) 6 V, —1.5 V, No such point will exist 
10.7.5 m (a) 8.75 m (b) 6.25 m 


6. —0.05 V 
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i Solved Examples I 


A thin uniform wire AB of length 1 m, an unknown resistance 
Xy and a resistance of 12 Q are connected by thick conducting 
strips, as shown in figure. A battery and a galvanometer (with a 
sliding jockey connected to it) are also available. Connections 
are to be made to measure the unknown resistance X using 


the principle of Wheatstone bridge. Answer the following 
questions. 


(i) Are there positive and negative terminals on the 
© galvanometer? 


(ii) Copy the figure in your answer book and show the 
battery and the galvanometer (with jockey) connected at 
appropriate points. 

(iii) After appropriate connections are made, it is found that 
no deflection takes place in the galvanometer when the 
sliding jockey touches the wire at a distance of 60 cm 
from A. Obtain the value of the resistance X. 


(i) No. There are no positive and negative terminals on the 
galvanometer. 


(ii) We can connect battery and galvanometer as shown in the 
figure. 


(iii) As bridge is balanced Tie a ee 


pp 40cm x 


12 
x= at =8.0Q 


=> 


Consider the potentiometer circuit arranged as in figure. The 
potentiometer wire is 600 cm long, 


and its resistance is 15r. 
E m 


} 
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(a) At what distance from point 


@ A should the jockey touch the 
the galvanometer? 
{ a distance of 560 cm 


wire to get zero deflection in 
the galvanometer? 


(b) If the jockey touches the wire a 
from A, what will be the current in 


, E | E 
(a) Current 1n AB, E = T7 
sr E E 


EL 
ential g i aa a A 
Potential gradient, A G00 600 167 640 


Let E/2 be balanced at /, then 


E = kl = LY or /=320 cm 
2 640 


(b) The resistance of the wire of length 560 cm 


Ric jie =|4r 


600 


Let us draw the circuit diagram corresponding to this 


situation. 


tential at point C to be zero and x at 


Let us assume the po 
and applying 


4A. Now writing potential at different nodes 
Kirchhoff’s junction law at C. 


E 
-0 (x-E)-0 [1-5 ]-0 

ad pen 5p | = 0 
14r 2r r 


which gives -Z 


Hence current through galvanometer branch 


Figure shows a potentiometer with a cell of emf 2.0 V and 
internal resistance 0,4 Q maintaining a potential drop across 
the resistor wire AB. A standard cell that maintains a constant 
emf of 1.02 V (for very moderate currents up to a few pA) 
gives a balance point at 67.3 cm length of the wire. To ensure 
very low current is drawn from the standard cell, a very high 
resistance of 600 kQ is put in series with it, which is shorted 
close to the balance point. The standard cell is then replaced b 

a cell of unknown emf g and the balance point found, similar! 4 
turns out to be at 82.3 cm length of the wire, p 


ee 0.42 


600 kQ 


(a) What is the value of £? 
does the high resistance of 600 KQ have? 


(b) What purpose oe : 
(c) Is the balance point affected by this high resistance? 
(d) Is the balance point affected by internal resistance of the 


driver cell? 
(e) Would the method work in the above situation if the 


driver cell of the potentiometer had an emf of 1.0 y 
instead of 2.0 V? 
(f) Would the circuit work well for determining an extremely 
small emf, say of the order of a few mV (such as the 
typical emf of a thermocouple)? If not, how will you 


modify the circuit? 


E l 


— ————"_ 


(a) At balance point, = 
standard berini 


82.3 x 1.02 _ | 2474 V 
61:3 


(b) To reduce the current through the galvanometer when the 


movable contact is far from the balance point. 


(c) No. 

(d) Yes. 

(e) No. If € is greater th 
potentiometer, there wi 

(f) The circuit, as it is, would be unsuit 
balance point (for e of the order of a 
very close to the end 4 and the percentage error 1 
measurement will be very large. The circuit 1s modified by 
putting a suitable resistor R in series with the wire AB so 
that potential drop across 4B is only slightly greater than 
the emf to be measured. Then the balance point will be a 
larger length of the wire and the percentage emor will be 
much smaller. 


A potentiometer wire has a length of 10 m and resis@ 


4 Qm”. An accumulator of emf 2 V and a resistance 
arcgpniatd in series with it. Calculate the resistance © 

e introduced in the box so as to get a potential gradient a 
(a) 0.1 V/m and (b) 0.1 mVm™t, 


or €= [X C n = 
l 


standard 


an the emf of the driver cell of the 
Il be no balance point on the wire AB. 
able. because the 
few mV) will be 


(Soi Let us assume X be the resistance to be introduced in the 


box. The c i r 
rhe current in the potentiometer wire is given by 
E 
R+Ilp 
eke i the resistance per unit length of the wire and / is U° 
> J » ip > . i 
gth of the wire. Now, potential gradient in potentiometer wife: 


p ` 
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Sills Let us assume the resistance of each voltmeter be Ry. 


| A Ep 
OK r Rip Now distributing the currents in cach part of the circuits, 
| o m p= 4am io A 
Hem i -( l vm, we have =P MA-— 
i) pork x4 8 R=— Wy 
a= p410x4 R+40 ~*~ 9] 7 


k= 0-l mym! = 0.1 x 10-3 Vm”, we have 
ii x4 
01x10" = R410x4 


(i) 


4e—— o R=7909Q 
a 104R 


par t shown in Figure 4B is a uniform ‘wire of length 


the circul 
p-5m.It has a resistance of 2 Q/m. When AC = 2.0 m, it was 


„ynd that the galvanometer shows zero reading when switch S 
ither of the two positions 1 or 2. Find the emf £}. 


is placed ine 
E=30V 1 5 E 


í 
S 


E, R=30 Q 


Sol When the switch is at position ‘1°. The potential difference 
across AC, 

V,-=E, =30V (i) 
When the switch is at position ‘2’. The potential difference 
across CB, 


V=8, AM) 
E, 


0 


From (i) and (11), 


U 


Vos 
Vac 


E, 3 ; Yon lai 
ac a Vie luc 2 
© E=45V 
The potential difference across the wire AB, V,, =30+ 45=75V 
And resistance of the wire AB, Ras = 2 5=100 

: sig a te TSR 
`. Current through AB is iy, = R,, 10 
Hence emf of cell E,, E = 7.5% (Ras +R) = 300 


In the circuit shown in figure a current J F 30 mA “yas ae 
Aand leaves through B. Reading of the identical vo ee 1 . 
and V, are 20 V and 30 V respectively. Find the magn 


resistance R . 


The potential difference across the voltmeter V, is 20 V. 


Ri = 20 | Al) 
And the potential difference across the voltmeter V, is 30 V. i 
2Ri' = 30 (11) 
er vig «thie S a 3 pa? 
Dividing Eq. (ii) with (1), we get a = I “7 
Bt i ` 
The current through CD, i =!—! =1-7 74 
l a 3i 
-. Current through the voltmeter V,, i” = ([-i)+ a I -7 
As the potential difference across DD' and CD' should be equal. 
Hence, œR, ( 2) = 2Ri' = 30 ..(il1) 
5 -i 2 
From (i) and (iii), a E 
4 


=> r=” = i= x150 =100 mA 


Ri=20 > Rx100x10° =20 
Hence, R = 200 Q 


In the circuit shown in the figure, two resistors R, and R, have 

been connected in series with an ideal cell. If a voltmeter is 
connected across R, its reading is V, = 4.0 volt and if the same 
voltmeter is connected across R, its reading is V, = 5.0 volt. 
The reading of the voltmeter when it is connected across the 
cell is V, = 20 volt. Find the actual potential difference across 
R, in the circuit. 


oly. As the cell connected in the circuit is ideal hence the 


reading of voltmeter is V, = 20 V 
R, | 
WMA 


20V 
R 
moes AAN = 
Era 
—W\A—— 
It means the emf of the cell should be 20 volts. Let the resistance 
of the voltmeter be R. The voltmeter is connected across R,. 


| 


—— i 4 


ma mm 


6.18 Electrostatics and Current Electricity _ 


20 


The current / through circuit, / = RR 
l 
— 4R, 
R +R 


> The reading of voltmeter (V) = The potential difference 


across R, (or R) 


20 R R 
nmt- RR RER 
— +R, |! 
R+R | 
ma R R, + RR, =4 (1) 


RR, 
Now voltmeter is connected across R, 


The reading of voltmeter (V,) = The potential difference across 


R, (or R) 
20 R,R 
J == Senni 
` R,R R,+R 
2 +R |? 
R,+R 
RR, +RR _, (ii) 
R,R 
I .. R4 
Eliminating R between (i) and (11), we get R = 5 
The actual voltage across R,, 
R, + R, 1+— 1+- 
R, 4 


A variable voltage source is connected with a voltmeter, 
an ammeter and two fuses F, and F, in three different 
arrangements. In first arrangement when the fuse F, is 
connected across a source of variable voltage and the voltage is 
increased gradually, the fuse blows out just when the reading of 
the voltmeter and ammeter reaches 4 V and 2.0 A respectively 
[see Fig. (i)]. The same experiment is repeated with another 
fuse F, and the reading of the voltmeter and ammeter when it 
blows out is 12 V and 3 A respectively. 


aoe Saal 


- | Fuses) {y= 
OG |” v) 
F,(or F,) | L Fuse Fi H Fuse Fi l Fuse F 
Fuse | i | 
Lo ro uo 
(i) (íi) (iii) 


(a) If two fuses are connected in parallel as shown in Fig. (i1) 
and voltage is increased gradually. Find the reading of 
the ammeter when any one of the fuses blows out. 

(b) If two fuses are connected in series as shown in Fig. (ii) 
and voltage is increased gradually. Find the reading of 
the voltmeter at the point one of the fuses blows out. 


that the fuses F, and F, blow out just when 
the reading of the ammeters is 2.0 A and 3.0 A respectively, Jt 
ns the maximum current that the two fuses can tolerate are 
i ma ZO A and ty gmx = 3-9 A respectively. 
o 4.0 V 


It is given 


mea 


Resistance of fuse Fy, Ri ary? = 202 
12V 
And the resistance of fuse F R Ei =49 


es are connected in parallel as shown in 
Fig. (i), itis clear that the fuse F, blows out 
h the fuses F, reaches 2.0 A. 


(a) Now two fus 
Fig. (ii). From 
when the current throug 


—_ (V)— 


I R,=4 Q 
A p_ /\//— 


B 


2a R=22 
3J ANAS 7 


Hence from figure 2/ =2.0A => [=1.0A 
Hence the reading of ammeter = The current supplied by 
the battery =3/ =3x1.0A= 3.0A 
And reading of the voltmeter V’,, =1.0x4= 4.0 V 

(b) If two fuses are connected in series as shown in Fig. (111). 
it is clear that the fuse F, blows out when 7 = 2.0A 


Hence the reading of the voltmeter = The potential 
difference across middle branch (V) 

V p =(442)x2=12V 
And the reading of ammeter = 2.0 A 


Three resistors R, = R, = 3 KQ and R, = 6 KO have been 
connected to a constant current source as shown ìn figure. 
The current source supplies current / = 4 mA to the circuit. A 
voltmeter having resistance R, = 6 KQ is connected, as shown, 
to measure the potential difference across R, 


{ Te — 
Yr RS a) 
| chine | 


Find the percentage error in the measurement of potential 
difference (V,) across R, caused due to finite resistance of the 
voltmeter, 


|Sol. When voltmeter is not connected, the current will divide 


equally in both the branches as shown in figure. | 
3KQ | 
y mA g mA 
l=4 mA ($ Z4 KQ SR,=3 KQ 


y i gifference (V,) across R, 
j 
a” ROC mA) = 6 volt 
7 ater iS connected across R}, 
yn" lt 3 KQ 


| 


PO WV) Ry=6 KQ 


| i, 3KQ 
iz 


mA S6KQ_ 2KQF |v 


m 
| ve KO should be equal 
sh = 8 Ai) 
jo tip = 4A Gi) 
r 24 
cram (i) and (ii),we get 1, on 
2 
dence potential difference across R, V'=2x 24 = z volt 
| 
| me percentage error in the measurement of potential difference 
"100 % 
48 
9 14 
% error =—}}+ x100 = — x100 =25.9% 
6 33 


Bisa uniform wire of length L = 100 cm is connected 
aos a cell of emf £ = 15 volt. A unknown resistance R, 
ll of emf V and a milliammeter (which can show deflection 
both directions) is connected to the circuit as shown in 
Fig. (i). Contact C can be slide on the wire AB. Distance 
AC = x. The current (J) through the milliammeter 1s taken 
positive when the cell of emf V is discharging and it is negative 

_ When the cell gets charged. The variation of the current J vs x 

| tas been shown in Fig. (ii). 

I (mA) 

WH 30 


x (cm) 


& 
QO 

w 

© 


E | (ii) 


~ 
=o 
— 


Neglect internal resistance of the cells. Find 
(a) the value of e.m.f of unknown cell ‘V’ 
) unknown resistance ‘R’ 
© the current recorded be milliammeter 
x= 100 em | 


‘pP when 


a) From Fig. (ii), we can observe when I = 0 


x = 20 cm 


n 


> 
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In the circuit shown in the figure, the battery is ideal and 


It means the potential difference across AC, 


_Ex 15x20 30 
AG SS 
€ L 100 .0 volt 


Since there is no current through the milliammeter. Hence 
Vic =V =3.0 volt 
(b) When x = 0:/=30mA 


3.0 =IR 
3.0=30x10°R 
R= 100Q 


(c) When x = 100 cm 
V i, =€ =15volt 
100/ =15-3 
I=0.12 A= 120 mA 
This current is in negative direction. 


resistance R, = 100 O. A voltmeter having internal resistance 
200 Q, if connected across 1-2, it reads V,,=4 V and when 
connected across 2-3, it reads V,, = 6 V. What will be the 
reading of the voltmeter when it is connected between the 
points 1-3? Also find the value of R.. 

l 2 3 


-3 Let the emf of the battery be E. 
Current through the voltmeter when it is connected acrosss 1-2, 


4 
and current through R,, i, = 7 
l 


<. Current through R,, i Bil + = 
© R 50 


. Potential difference across R, 


The emf of the battery 


psan) scl) 
R R 


l 1 


When the voltmeter is connected between 2-3 


6.20 Electrostatics and Current Electricity 


6 
Current through voltmeter, i, = 00 A 


Current through R,, i, = A 
<. Current through R, 
eee 
200 100 200 100 
Hence emf of the battery 


ee 
100 


tonai Ar E 
100 


R, 
5 ane 


Put the above value in (ii) 


Peca Gay 
100° 3 


When connected across 1-3, the voltmeter will read £ = 12 V. 


An unknown resistance ‘X” is to be 
determined using resistances R,, R,, or 
R,. Their corresponding null points are 
A, B, and C. Find which of the above 
will give the most accurate reading and 
why? R= R or R, or R, 


Gi) 


At all null points, the Wheatstone bridge will be balanceg 
Therefore, 


r 
A R arxa Rt 


H h h 
where R is a constant and r, and r, are variables. The maximum 
fraction error 1S 
AX An An, 
— = — + — 
X i h 


M A B c N 
R=R, R=R, R=R;, 


Here Ar, = Ar, =y (say), y can be considered as least count of 
the scale, then 


AX HFA 
— =y PE es 
X n’ 


For AX/X to be minimum, r, X r, should be maximum 
[sincer tr,=¢ (constant)]. 


Let E= x =7, X71) ane, 
dE ; 
a oes a rn=>5 
c 
or n= © žr 


Thus, R, gives the most accurate value. 


ct Answer Type 


ircuit shown in figure, resistors X and Y, each with 
ms ance R, are connected to a 6 V battery of negligible 
pesistä 


"nal resistance. A voltmeter, also of resistance R, is 
a 


d across Y. 


Voltmeter 


Y : 
resistors R 


What is the reading of the voltmeter? 
(1) zero (2) between zero and 3 V 
3)3V (4) between 3 V and 6 V 

1 In the shown arrangement of a meter bridge, if AC 
corresponding to null deflection of galvanometer is x, what 
would be its value if the radius of the wire AB is doubled? 


A«—x—>C B 
(1) x (2) x/4 
(3) 4x (4) 2x 


3. The length of a wire of a potentiometer is 100 cm, and the 
emf of its standard cell is E volt. It is employed to measure 
the emf of a battery whose internal resistance is 0.5 Q. If Bi 
balance point is obtained at / = 30 cm from the positive end, 
the emf of the battery is 


E 
(1) 30E (2) 30E 
100 100.5 
0 (E -0.5i) 
Bj —30E (4) te 
(100 - 0.5) 100 


Where i is the current in the potentiometer we ciate 
' Ina meter bridge experiment, the null point 1s aera d 
cm from one end of the wire when resistance X is Da T be 
against another resistance Y. If X <Y, then U one 
the new position of the null point from the same end, | 
decides to balance a resistance of 4X against Y? 
(1) 50 cm (2) 80 cm 
(3) 40 cm (4) 70 cm 
Š. In the circuit shown in figure,, the galvanometer 
zero deflection. If the batteries 4 and B have ie 
internal resistance, the value of the resistor R will be 


G shows 
ligible 


ie Exercises 
$ 
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500 Q 
VAVAVA 
aS AY 
< R 
12 V B si 
| | 
(1) 1000 Q (2) 500 Q 
(3) 100 Q (4) 200 2 


. The resistance of a galvanometer is 10 Q. It gives full-scale 


deflection when 1 mA current is passed. The resistance 
connected in series for converting it into a voltmeter of 
2.5 V will be 

(1) 24.9 Q (2) 249 Q 

(3) 2490 Q (4) 24900 Q 


. An ideal ammeter (zero resistance) and an ideal voltmeter 


(infinite resistance) are connected as shown in figure. The 
ammeter and the voltmeter readings are 


(2) 3.00 A, 5 V 
(4) 6.00 A, 6.25 V 


(1) 6.25 A, 3.75 V 
(3) 3.00 A, 3.75 V 


. A constant 60 V dc supply is connected across two resistors 


of resistance 400 kQ and 200 kQ. What is the reading of the 
voltmeter, also of resistance 200 kQ, when connected across 


the second resistor as shown in figure? 


| 


60 V | 
dc supply ; | 
[ee 
VW WVA ——— 
400 KQ 200 kQ 
(1) 12 V (2) 15 V 
(3) 20 V (4)30 V 


. Figure shows a circuit that may be used to compare the 


resistance R of an unknown resistor with a 100 Q 
standard. The distances / 
from one end of the 
potentiometer slider wire 
to the balance point are 
400 mm and 588 mm 
when X is connected to Y 
and Z, respectively. The 
length of the slide wire is 
1.00 m. What is the value 
of resistance R? 

(1) 32Q ' (2) 47Q 
(3) 68Q (4) 147Q 


6.22 Electrostatics and Current Electricity 


10. Inthe circuit shown in figure, an ideal ammeter and an ideal 
voltmeter are used. When the key is open, the voltmeter 
reads 1.53 V. When the key is closed, the ammeter reads 
1.0 A and the voltmeter reads 1.03 V. The resistance R 1s 


R a 
(A) 


ya 
(1) 0.5 Q (2) 1.03 Q 
(3) 1.53 Q (4) 0.53 Q 


11. In which of the following arrangements of resistors does 
the meter M, which has a resistance of 2 Q, give the largest 
reading when the same potential difference is applied 
between points P and Q? 

1Q 1Q 


12. Figure shows a simple potentiometer circuit for measuring a » 


small emf produced by a thermocouple. 


2.00 V Drivercell R 


Thermocouple 


6.00 nee + Y Galvanometer 
The meter wire PQ has a resistance of 5 Q, and the driver 
cell has an emf of 2.00 V. If a balance point is obtained 
0.600 m along PO when measuring an emf of 6.00 mV, what 
is the value of resistance R? 
(1) 95 Q (2) 995 Q 
(3) 195 Q (4) 1995 Q 

13. Figure shows a balanced Wheatstone net. Now, it is 
disturbed by changing P to 11 Q. Which of the following 
steps will not bring the bridge to balance again? 


14. 


15. 


16. 


17. 


P=10Q Q=100 Q 


R=202 S =200 Q 


(1) increasing R by 2 Q 

(2) increasing S by 20 Q 

(3) increasing Q by 10 Q 

(4) making product RQ = 2200 (Q) 

In an experiment to measure the internal resistance of a cell 
by a potentiometer, it is found that the balance point is at a 
length of 2 m when the cell is shunted by a 5 Q resistance 
and is at a length of 3 m when the cell is shunted by a 10 Q 
resistance, the internal resistance of the cell is then 


(1) 1.52 (2) 10 Q 
(3) 15 (4) 12 
When an ammeter of negligible internal resistance is inserted 


in series with circuit, it reads 1 A. When a voltmeter of very 
large resistance is connected across R,, it reads 3 V. But 
when the points A and B are short-circuited by a conducting 
wire, then the voltmeter measures 10.5 V across the battery. 
The internal resistance of the battery is equal to 


A B 
W\—-o—— 
R 1 Ro 
e=12V 
3 
(1) Q (2) 5 Q 
(3)3Q (4) none of these 
An 80 Q galvanometer deflects full-scale for a potential of 


20 mV. A voltmeter deflecting full-scale of 5 V is to be made 
using this galvanometer. We must connect 

(1) a resistance of 19.92 kQ parallel to the galvanometer 
(2) a resistance of 19.92 kQ in series with the galvanometer 
(3) a resistance of 20 kQ parallel to the galvanometer 

(4) a resistance of 20 kQ in series with the galvanometer 

A voltmeter having a resistance of 1800 Q is employed to 
measure the potential difference across 200 Q resistance, 
which is connected to dc power supply of 50 V and internal 
resistance 20 Q. What is the approximate percentage change 
in the potential difference across 200 Q resistance as a result 
of connecting the voltmeter across it? 


50 V 20 Q 


= 
200 Q 
1800 Q 


5 (2) 5% 
(ye eu 
| j jo” „ circuit, the voltmeter and the electric cell are 


, a the reading of the voltmeter 


i 
Y genl 1Q A 


20 Q 


(2)2V 

| y (4) none of these 

i Mi emf of the driver cell of a potentiometer is 2 V, and 

“intemal resistance 1S negligible. The length of the 
potentiometer wire is 100 cm, and resistance is 5 Q. 
How much resistance is to be connected in series with 
he potentiometer wire to have a potential gradient of 
0,05 mV cm!? 
11) 1990 Q 
(3) 1995 Q 

y. In the above question, if the balancing length for a cell of 
-mf E is 60 cm, the value of E will be 
(1)3 mV (2) 5mV 
3)6mV (4) 2000 mV 

`. 4 B. and C are voltmeters of resistance R, 1.5R, and 3R, 
respectively. When some potential difference is applied 
between X and Y, the voltmeter readings are V, Vp and Vo, 
respectively. Then 

G) 


xa i 


(2) V, + Vs j Ve 
OAA 


(2) 2000 Q 
(4) none of these 


(] y = = 
N V, 
WAV eV 


A milliammeter of range 10 mA and resistance 9 £2 is 


he meter gives full- 
d B are used as its 
s at B (C is left 


joined in a circuit as shown in figure. T 
sale deflection for current J when A an 
terminals. If current enters at A and leave 
isolated), the value of J is 


9 Q, 10 mA 


(2) 900 mA 
i (4) 1.1 A 
“A Candidate connects a moving coil 


Coll ammeter A, and a resistor Rass 
Voltmeter reads 20 V and the ammeter 


voltmeter V, a moving 
hown in figure. If the 
reads 4A, R 1S 


24. 


25. 


26. 


27. 


28. 


29. 


3 
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+N 


(1) equal to 5 Q 

(2) greater than 5 Q 

(3) less than 5 Q 

(4) greater or less than 5 Q depending upon its material 

If a shunt 1/10 of the coil resistance is applied to a moving 


coil galvanometer, its sensitivity becomes 
(1) 10 fold (2) 11 fold 


| 
(3) L fold (4) =. fold 
10 7 


In figure, when an ideal voltmeter + 2 

is connected across 4000 Q | 

resistance, it reads 30 V. If the E volt, rS 
voltmeter is connected across 4000 $2 3000 $ 
3000 Q resistance, it will read ANY VV 
(1)20 V 

(2) 22.5 V r 

(3)35 Y 

(4) 40 V 


A voltmeter has a resistance of G ohm and range V volt. The 
value of resistance used in series to convert it into voltmeter 
of range nV volt is 

(1) nG (2) (n—1)G 

(3) Gin (4) G/(n— 1) 

A galvanometer has a resistance of 3663 Q. A shunt S is 
connected across it such that 1/34 of the total current passes 
through the galvanometer. The value of the shunt is 

(1) 3663 Q (2) 111 Q 

(3) 107.7 Q (4) 3555.3 Q 

In Q. 27, the combined resistance of the shunt and the 
galvanometer is 

(1) 3665 Q (2) 111 Q 

(3) 107.72 (4) 3555.3 Q 

In Q. 27, the external resistance that must be connected in 
series with the main circuit so that the total current in the 
main circuit remains unaltered even when the galvanometer 
is shunted is 7 

(1) 3663 Q (2) WI Q 

(3) 107.72 (4) 35553 Q 


wee 


. An ammeter is obtained by shunting a 30 Q galvanometer 


with a 30 Q resistance. What additional shunt should be 
connected across it to double the range” 

(1) 15 22 (2) 10 Q 

(3) 5Q (+) none of these 


. Three voltmeters are connected as shown. 


le | () 1 © Oq" 


A potential difference has been applied between 4 and B. 
On closing the switch S, readings of voltmeters? 


AN o 


6.24 


32. 


33, 


34. 


35. 


36. 


Electrostatics and Current Electricity 


(1) V, increases 

(2) V decreases 

(3) V, and V, both increase 

(4) One of V, and V, increases and other decreases. 

In figure the voltmeter and ammeter shown are ideal. Then 
voltmeter and ammeter readings, respectively, are 


25 Q 
(A) 
§5Q 
(1) 125 V,3 A (2) 100 V,4A 
(3) 120 V, 4 A (4) 120 V, 3 A 


A potentiometer arrangement is 
shown in figure. The driver cell 
has emf e and internal 
resistance v. 

The resistance of potentiometer 
wire AB is R. F is the cell of 
emf e/3 and internal resistance 
r/3. Balance point (J) can be obtained for all finite values of 
(1) R>r/2 (2) R< r/2 

(3) R>1/3 (4) R<7r/3 

When a galvanometer is shunted with a 4 Q resistance, 
the deflection is reduced to 1/5. If the galvanometer is 
further shunted with a 2 Q wire, the new deflection will be 
(assuming the main current remains the same) 

(1) 5/13 of the deflection when shunted with 4 Q only 

(2) 8/13 of the deflection when shunted with 4 Q only 

(3) 3/4 of the deflection when shunted with 4 Q only 

(4) 3/13 of the deflection when shunted with 4 Q only 

Two cells A and B of 
electromotive forces 1.3 V 
and 1.5 V, respectively, are 
arranged as shown in figure. 
The voltmeter (assumed ideal) 
reads 1.45 V, the internal 
resistances of cells A and B are 
r, and r,, respectively. Which 
of the following is correct ? 


(1)7r,=2r, (JAT, 
Gr 2r (PSF, 
In the circuit shown in figure, the battery E , has an emf of 
12 V and zero internal resistance, while the battery £, has an 


emf of 2 V. If the galvanometer G reads zero, then the value 
of the resistance Y is 


E,=13V 


500 Q 
Ey — YQ — E 
(1)10Q (2) 100 Q 
(3) 500 Q (4) 200 Q 


resistances are connected with two variable resistor 
as shown in figure. When the galvanometer shows fin 
deflection, the values of the resistances are P and Q. 

What is the value of the ratio E/E? 


E Galvanometer 


P 
P+Q 


P 
D= (2) 
Oo 


(4) £2 
P+Q P 


38. The Wheatstone’s bridge shown in the figure is balanced. [f 


the positions of the cell C and the galvanometer G are now 
interchanged, G will show zero deflection 


(1) in all cases 

(2) only if all the resistances are equal 
(3) only if R = R, and R, = R, 

(4) only if R/R, = R/R, 


39. In figure, two cells have equal emf € but internal resistances 


are r, and r,. If the reading of the voltmeter is zero, then 
relation between R, r and r, is 


(1) R=r,-r, 


(2) k=), FF 
(3) ip = i, 


(4) r,r, 


40. A constant voltage de source is connected, as shown in 


figure, across two resistors of resistances 400 kQ and 100 KQ. 
What is the reading of the voltmeter, also of resistance 100 
kQ, when connected across the second resistor as shown? 


1000 V 
de supply 


400 KQ 100 kQ 


37. Two cells of emfs E, and E, and of negligible interna) | 


v 


y 
| i 125V 
| (? 


(4) 333 V 


| ve given circuit (figure) in which case will the ammeter 
| ieee ot change when R, is varied? 

Ei ing 

| ead oS 


(2) R =2r 
(4) r=0 


| 
| Their readings are A and V, respectively. If a resistance is 


at joined in parallel with the voltmeter, then 
(1) both 4 and V will increase 
(2) both 4 and V will decrease 
(3) A will decrease, V will increase 
(4) 4 will increase, V will decrease 
g, Acapacitor of capacitance C is connected to two voltmeters 
4and B (figure). A is ideal, having infinite resistance, while 
| B has resistance R. The 
capacitor is charged and then 
the switch S is closed. The 
readings of ÆA and B will be (B) 
equal 
(1) at all times 
(2) after time RC 
(3) after time RC in 2 
(4) only after a very long time 
4, In the given circuit (figure), whe 
of ammeter is J. Now key K is 
statement is 


R R 
| N VAVA 
| 
| a oe 
as 
| . E2 


r is less than Z. 
ter than 7. 


A 


n key K is open, reading 
closed, then the correct 


| (1) Ife, < JR, reading of the ammete 

(2) IfIR < £, reading of the ammeter is grea 
(3) Ife, < 2IR, reading of the ammeter will b 
(4) Reading of ammeter will not change. 


48. A voltmeter with resistance 
R, = 2500 Q indicates a 
Voltage of 125 V in the circuit 
Shown in figure. What is the 
series resistance (R) to be 
connected with voltmeter in 
this circuit so that it indicates 


e zero. 


e 


100 y? va 
(1) 625 Q (2) 12 

i t 
(3) 550 Q (4) Data insufficien 


m ea, | OR Ree ete 
(2) 250 V | 
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46. A milli-ammeter of range 10 mA and resistance 9 Q are 
Joined in a circuit as shown in the figure. The meter gives 
full scale deflection, when current in the main circuit is 
I, and A and D are used as terminals. The value of / is 


9 QQ (Ay 0 mA i 


WA WW v 
0.6 Q 0.90 


A B D ke 
(1) 1.09 A (2) 10.9 A 
(3) zero (4) 0.109 A 


47. In the arrangement shown in figure, when the switch S, is 
open, the galvanometer shows no deflection for / = L/2. 
When the switch S, is closed, the galvanometer shows no 
deflection for / = 5/12L. The internal resistance (r) of 6 V 
cell and the emf Æ of the other battery are, respectively 


10 Q 


(1) 3 Q, 8 V (2) 20,12 Y 
(3) 2 Q, 24 V (4) 3 Q,12 V 

48. Calculate the energy stored in the capacitor of capacitance 
2 uF. The voltmeter gives a reading of 15 V and the ammeter 
A reads 15 mA. 


WWW] V 
R 20 V 05.0 
(1) Sq (2) 10 J 
(3) 0.5 pJ (4) zero 


49. In the given circuit (figure), R, + R, and the reading of the 
voltmeter is the same, irrespective of whether the switch S 
is open or closed. Then, which of the following is correct? 


6.26 Electrostatics and Current Electricity (1) J= 50cm (2) l> 50cm 
(4) Balance cannot be obtained 


(3) 1< 50 cm 

53. In a practical 
one more resista 
unknown resistance 
the balance length. A 
x must be 


Wheatstone bridge circuit (figure), when 
nce of 100 Q is connected in parallel wi, 
x, then the ratio /,/ L becomes 2. | jg 
B is a uniform wire. Then the value of 


Copper strip 


Volt 
(1) Tn, 54 (2) Fy = 4 Copper strip 
(3) J, =f, (4) None of these 


uit shown in figure, XY is a potentiometer wire 


50. In the circ 
ected up as shown. With 


100 cm long. The circuit is conn 


switches S, and $, open, a 

balance point is found at re (1) 509 (2) 100 Q 

After switch S, has yen 
(3) 200 Q (4) 


54. Circuit for the measurement of resistance by potentiometer 
at Z must be moved toward is shown in figure. The galvanometer is first connected 
Y to maintain a balance. at point A and zero deflection is observed at length 
Which of the following is PJ= 10 cm. In second case, it is connected at point C and 
the most likely reason for this? zero deflection is observed at a length 30 cm from P, then 
(1) The cell V, is running down. the unknown resistance X is 

(2) The cell V, is running down. 

(3) The wire XZ is getting warm and its resistance is 


remained closed for some 
time, it is found that contact 


increasing. 
(4) The resistor R, is getting warm and increasing in value. 
51. Figures show a circuit used in an experiment to determine 
the emf and internal resistance of the battery C. A graph was 
plotted of the potential difference V between the terminals of 
the battery against the current Z, which was varied by adjusting 


the rheostat. The graph is shown in Fig. (b); x and y are the (1)2R (2) R/2 

intercepts of the graph with the axes as shown. What is the (3) R/3 (4)3R 

internal resistance of the — 55. Which of the following circuits (figure) gives the correct 
value of resistance, when computed by using R = V/I where 


V and J are voltmeter and ammeter readings, T espectively” 
The meters are not ideal. 
R 
2 


Tl 
Y) 


R 


(1) x (2) y 3 l 
(3) x/y (4) ylx (3) pee (4) none of these 
52. In the potentiometer arrangement (figure), the driving cell OW 
E; 


A has emf £ and internal resistance r. The emf of the cell 
B is to be rechecked has emf £/2 and internal resistance 2r. 
The potentiometer wire CD is 100 cm long. If balance is 
obtained, the length CJ = / is 


56.Two ideal batteries having 4 
emf £, and E, are connected 
as shown in figure. The values 
of resistances are chosen in Y) 
such a way that ammeter 


reading is zero. The reading i | 
of voltmeter will be (consider B 

the meters to be ideal) (A) 

(1) £, 

(2) E, E 


< petween E, and É, 
In n be predicted about voltmeter reading from 


Nothing ca , 
given information. 


eatstone bridge, resistances P, Q, and R are 
e jn sched in the three arms and the fourth arm is formed 


— — 
wa 


4 


we resistances S, and S, connected in parallel. The 
"Y dition for the bridge to be balanced will be 
c0 
p_RS*S) git 
05 25,5, Q S+S, 
p 2R ay PRS +S) 
OF S+S Q SS, 


og, Figure shows a meter bridge set up with null deflection in 


the galvanometer. The value of the unknown resistor R is 


55Q R 
WW 
<—20 cm— 
(1) 110 Q (2) 55Q 
(3) 13.75 Q (4) 220 Q 


59. In the given arrangement, the reading of ammeter is same in 
each case when either K, or K, is closed. The reading of the 
ammeter 1s 


(4) none of these 
d into ammeter or 


(3) data insufficient 
60. A galvanometer may be converte 
voltmeter. In which of the following cases the resistance of 
the device will be largest? (Assume the maximum range of 
galvanometer to be 1 mA) 
(1) An ammeter of range 10 A 
(2) A voltmeter of range 5 V 
(3) An ammeter of range 5 A 
(4) A voltmeter of range 10 V 
6l. A potentiometer wire AB as shown is 40 cm |! 
resistance 50 Qm”'; the free end of 102 
an ideal voltmeter is touching the 
Potentiometer wire. What should 
be the velocity of the jockey as a 
function of time so that reading in 
Voltmeter varies with time as 
(2 sin zt)? 


ong of 


62. 


63. 


64. 


65. 


66. 
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(1) 10 z sin zt cms"! 
(3) 20 z sin zt cms” 


For the potentiometer 
arrangement shown in the 
figure, length of wire AB is 
100 cm and its resistance is 
9 Q. Find the length AC for 
which the galvanometer G 
will show zero deflection. 


(2) 10 x cos zt cms" 


(4) 20 z cos zt cms" 


E=10V 
r=1Q 


| E=5V 


(1) 66.7 cm (2) 600m" F 
(3) 50 cm (4) 33.3 cm 
An ammeter A of finite resistance and a resistor R are joined 


in series to an ideal cell C. Apotentiometer 
P is joined in parallel to R. The ammeter 
reading is J, and the potentiometer 
reading is V,. P is now replaced by a 
voltmeter of finite resistance. The 
ammeter reading now is J and the 
voltmeter reading is V. Then 

(yi lF EF, (DI > lek” Vo 
T= et (4) 1<I,, V>V, 
In the given potentiometer 
circuit, length of the wire 

AB is 3 m and resistance is 

R = 45 Q. The length 4 
AC for no deflection in 
galvanometer is 

(1) 2m 

(2) 1.8m 

(3) dependent onr, 

(4) none of these 

A battery of emf £, = 12 V is connected across a 4 m long 
uniform wire having resistance 4 Qm''. The cells of small 
emf ¢,=2 Vand é,=4V having 


E=5V r=0.5Q 


AAA 
~—= 


. ; Eo R=8Q 
internal resistances r, =2 Q and HW 

r, = 6 Q, respectively, are vi 
connected as shown in the figure. 4M seen 3 5 
If galvanometer shows no e r 
deflection at point N, the distance ENV 

of point N from point A is equal to =o 

(1) 1/6 m (2) 1⁄3 m 

(3) 25 cm (4) 50 cm 


V, is the ideal voltmeter in the figure. Resistance of the 
resistor shown is R. Initially the switch is in position 2 when 
charging of the capacitor starts. Initially the capacitor was 
uncharged. The switch in circuit shifts automatically from 
2 to 1 when V, > 2V/3 and goes back to 2 from 1 when 
Vo < V/3. The ideal voltmeter reads voltage across capacitor 


as plotted. What is the period T of the wave form in terms 
of R and C? 


6.28 


67. 


68. 


69. 


70. 


Electrostatics and Current Electricity 
(1) 3RC 1ln 3 (2) 2RC In 2 
(3) (RC/2) ln 2 (4) none of these 
In the given circuit, the reading of 


ideal voltmeter is E/2. The internal 
resistance of the battery is 


2 

()1Q (2) 2 Q 
2 5 

3) —Q 4) -Q 
(3) 5 (4) 5 
In the following circuit, 


r 
WW 


resistance of potentiometer wire 
is 100 Q. Power consumption in 
potentiometer wire is same when 
jocky is placed at 10 cm from end 
A or end B. Internal resistance of 


1 im —>’ 


cell (r) is 

(1)30 Q Q)6Q 

(3) 60 Q (4)3Q2 

In the circuit shown, the r 

reading of the ammeter NV 

is doubled after the | | . 

switch is closed. Each z £ S 
: : E _ Rs SR 

resistor has a resistance | = — = 

R= 1 Q and the ideal cell has 

an emf £ of 10 V. Then, the O 


ammeter has a coil resistance 


equal to 
(1) 2Q (2)1Q 
(3) 2.5 @ (4) none 


When an ammeter of negligible 
internal resistance is inserted in 
series with circuit it reads 1 A. 
When the voltmeter of very large 
resistance is connected across X 
it reads 1 V. When the point A 
and B are shorted by a conducting 
wire, the voltmeter measures 
10 V. The internal resistance of 
the battery (r) is equal to 


(1) zero (2) 0.5 Q 
(3) 0.2 Q (4) 0.1 Q 
71. The figure shown gives R, R, 


values of R, and R,; the 
balance point for jockey is 
at 30 cm from A. When R, 
is shunted by a resistance of 
10 Q, jockey has to slide 
20 cm to obtain balance point. 
The values of R, and R, are 


B 


10 4 
(1) = 2,52 LaNg 
3 7 
40 40 
(3) 7272 (4) none of these 


72. In circuit shown in figure, 


73. 


74. 


2: 


. Find the reading of the ideal 


terminal X is brought from 
point 4 to B. Then reading of 
ammeter 

(1) increases 

(2) decreases 

(3) first increases then decreases 
(4) first decreases then increases 
Four wires of equal length 2 m 
are arranged as shown in the 
figure. Wires, 2, 3 and 4 are of 
equal cross-sectional area and 
wire 1 is of half the cross section 
of these wires. By how much 
distance pointer at point 5 must 
be moved to get null point? 
(1) 0.5 m toward point 6 
(3) 1 m toward point 6 


(2) 0.5 m toward point 7 
(4) 1 m toward point 7 


In the circuit shown in 
figure, reading of voltmeter 
is V, when only S, is closed, 
reading of voltmeter is V, 
when only S, is closed, 
and reading of voltmeter is 
V, when both S, and S, are 
closed. Then 

(1) V,>V,>V, 
Gy ES F SY, 


(2) V,>V,>V, 
(4) V,>V,>V, 


I0V 4V 8V 6V 
ammeter connected in the | | 
ziven circuit. that 
g rcuit Assume that sa ioio T 
the cells have negligible 


internal resistance. 
(1)2.5A 
(3)2A 


(2)5A 
(4) none of these 


Multiple Correct Answers Type III 


1; 


A voltmeter reads the potential difference across the 
terminals of an old battery as 1.40 V, while a potentiometer 


reads its voltage to be 1.55 V. The voltmeter resistance is 
280 Q. 


(1) The emf of the battery is 1.4 V. 

(2) The emf of the battery is 1.55 V. 

(3) The internal resistance r of the battery is 30 Q. 
(4) The internal resistance r of the battery is 5 Q. 
Figure shows a balanced Wheatstone bridge. 


R=SQ D Q=50Q 


S=10 Q | P=100 Q 
B 


T 


a 
Pe 


p À ae CtoA 

‘pis slightly increased, the current in the galvanometer 
p ows from A to C. 

fi P slightly increased, the current in the galvanometer 
3) sows from C to A. 

ris slightly increased, the current in the galvanometer 
(4) qows from Ato C. 


P voltmeters and two resistances are connected as shown 


i „figure ON closing the switch S, what will be the effect on 
Ii Bo 


he readings of the voltmeters? 
the fe 


(1) I; increases (2) V, decreases 
03) V; increases (4) V, decreases 

į; Two ideal batteries and two ammeters are arranged as shown 
in figure. 


(1) Readings of both ammeters can be same if E, > E,. 

(2) Readings of both ammeters can be same if £,> E, provided 
RER: , 

(3) Readings of both ammeters can be same if £, > E, provided 
LER, 

(4) IfE, > E, then current in ammeters W 
directions. 

$. In the above question, if the pol 

(1) current in both ammeters wi 

(2) current in both ammeters will flo 

(3) current in both ammeters can be same if R, 

(4) current in both can be same if R, < R, 


6 : figure, voltmeter is not y. 
ideal. If the voltmeter is 
JNN i 
R 2 


removed from R, and then 

Put across R,, what will 4j 

be the effect on current /? — 

ven R > R.. | 

(1) decreases 

2) remains same 

(3) increases 

(4) I would have been same if voltm 


I In the circuit shown in figure, the cel eter is 
f the resistance of the coil of galvanom 


il] flow in opposite 


arity of E, is reversed, then 
ll flow in same direction 

w in opposite directions 
> R, 


eters were ideal. 
| is ideal with emf 9 V. 
Q, then 


lightly increased, the current in the galvanometer Oo 


10. 


. A battery of emf £= 5 V and 
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— 


(1) no current flows in the galvanometer 
(2) charge flowing through 8 uF is 40 uC 
(3) potential difference across 10 UF is 5 V 
(4) potential difference across 10 uF is 4 V 


. Three ammeters A, B, and C of resistances R p Rp and R 
9 C? 


respectively, are joined as shown in figure. When some 
potential difference is applied 
across the terminals T, and T,, 


. . l 
their readings are /,, /,, and 7., 


A? B?’ 
respectively, then 


(1) I, =I, 


(2) LR +R, = IR- 


Re 


I, 
Garra 
R,+R, 


A © 
Io Ry Ic 


internal resistance 5 Q is 
connected across a long uniform eee eee ! 
wire AB of length 1 m and | P 
resistance per unit length 4 > B 
5 Qm”. Two cells of £ = 1 V 
and €,= 2 V are connected as 
shown in the figure. =] 
(1) The null point is at A. Ly Lanna 
(2) If the jockey is touched to 2V 22 

point B, the current in the 

galvanometer will be going towards B. 
(3) When jockey is connected to point 4, no current flows 

through | V battery. 
(4) The null point is at distance of 8/15 m from 4,. 
The diagram shows a modified meter bridge, which is used 
for measuring two unknown resistances at the same time. 
When only the first galvanometer is used, tor obtaining 
the balance point, it is found at point C. Now the first 
galvanometer is removed and the second galvanometer 
is used, which gives balance point at D. Using the details 
given in the diagram, find out the value of R, and R,. 


R Ri R, 
AWWA <a MAA — WW 
sa @) 
C D B 
SENNO E” 
(1) R, = SKS (2) R, = 4R/3 
(3) R, = 4R/3 (4) R, = 5R/3 


a 
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11. 


12. 


13: 


14. 


The galvanometer shown in the figure has resistance 


10 Q. It is shunted by a series combination of a resistance 
S= 1 Q and an ideal cell of emf 2 V. A current 2 A passes 


as shown. 


(1) The reading of the galvanometer is 1 A. 

(2) The reading of the galvanometer is zero. 

(3) The potential difference across the resistance S is 1.5 V. 
(4) The potential difference across the resistance S is 2 V. 


A circuit is shown below. 


(1) If A is an ideal ammeter, B an ideal battery of voltage V, 
and C an ideal voltmeter, the ratio reading of C/reading 
of A is R. 

(2) If A is a capacitor, B an ideal ammeter and C an ideal 
battery of voltage V, the potential difference across the 
capacitor is zero. 

(3) If A is an ideal ammeter, B an ideal battery of voltage V, 
and C an ideal voltmeter, the ratio reading of C/reading 
of A is R/2. 

(4) If A is a capacitor, B an ideal ammeter, and C an ideal 
battery of voltage V, the potential difference across the 
capacitor is 2 V. 


A circuit contains an ideal 
battery, three resistors, 
and two ideal ammeters. 
The ammeters read 0.2 A 
and 0.3 A. After two of the 
resistors are switched, the 
readings of the ammeters 
did not change. Find the 
battery current. 

(DER =R =], =0.15 A and /, = 0.05 A. 

(2) If R, = R, the battery current is / = 0.20 A. 

OER =k, L-1,=0.1 A and /,=0.2A. 

(4) If R, = R, the battery current is /=0.4A. 

In the circuit shown, battery, ammeter, and voltmeter are 
ideal and the switch S is initially closed as shown. When 
switch S is opened, 


mo 


(1) equivalent resistance across the battery increases 
(2) power dissipated by left resistance R increases 
(3) voltmeter reading decreases 

(4) ammeter reading decreases 


15. All the resistance in the given 
Wheatstone bridge have different 
values and the current through the 
galvanometer is zero. The current 
through the galvanometer will still be 
zero if, 

(1) the emf of the battery is doubled 

(2) all resistances are doubled 

(3) resistances Ri and R2 are interchanged 
(4) the battery and the galvanometer are interchanged 


Linked Comprehension Type Ill 


For Problems 1-2 
A cell of emf 3.4 V and internal resistance 3 Q is connected to 
an ammeter having resistance 2 Q and an external resistance of 
100 Q. When a voltmeter is connected across the 100 Q resistance, 
the ammeter reading is 0.04 A. 
1. Find the resistance of the voltmeter. 
(1) 400 Q (2) 200 2 
(3) 300 Q (4) 500 Q 
2. Had the voltmeter been an ideal one, what would have been 
its reading? 


ly. 7.2.¥ (2) 1.8 V 
(3) 0.5 V (4) 3.24 V 
For Problems 3—4 


A battery is connected to a potentiometer and a balance pomt is 
obtained at 84 cm along the wire. When its terminals are connected 
by a 5 Q resistor, the balance point changes to 70 cm. 
3. Calculate the internal resistance of the cell. 
(1)4Q (2)2Q 
(3) 5 Q (4)1Q 
4. Find the new position of the balance point when 5 Q resistor 
is changed by 4 Q resistor. 


(1) 26.5 cm (2) 52 cm 
(3) 67.2 cm (4) 83.3 cm 
For Problems 5—7 


A potentiometer is an ideal voltmeter since a voltmeter draws 
some current through the circuit while potentiometer needs no 
current to work. A potentiometer works on the principle of emf 
comparison. In working condition, a constant current flows 
throughout the wire of a potentiometer using standard cell of 
emf e,. The wire of potentiometer is made of uniform material and 
cross-sectional area, and it has uniform resistance per unit length. 
The potential gradient depends upon the current in the wire. 

A potentiometer with a cell of emf 2 V and internal resistance 
0.4 Q is used across the wire AB. A standard cadmium cell of emf 
1.02 V gives a balance point at 66 cm length of wire. The standard 
cell is then replaced by a cell of unknown emf e (internal resistance 
r), and the balance point found similarly turns out to be 88 ¢™ 
length of the wire. The length of potentiometer wire AB is 1 M. 

5. The value of e is 

(1) 1.36 Y (2) 2.63 V 
(3) 1.83 V (4) none 

6. The reading of the potentiometer, if a 4 V battery 1s used 

instead of e, is 


| aoa (2) 47.3 cm 
() i (4) cannot be calculated 
a vesistance is connected across the cell e, the balancing 
vt will (2) decrea 
‘crease i 
a emain same (4) none 


ammeter. (Given: V7, = 30 V. 


ust after closing the switch 


] 
j ()2mA (2) 3 mA 

(3) 0 mA (4) none of these 
9 Along time after the switch was closed 

(1) 2 mA (2) 3 mA 

(3) 6mA (4) none of these 
10, Just after reopening the switch 

(1) 2mA (2) 3 mA 

(3) 6 mA (4) none of these 


For Problems 11-13 

The length of a potentiometer wire AB is 600 cm, and it carries a 
-onstant current of 40 mA from A to B. For a cell of emf 2 V and 
iemal resistance 10 Q, the null point is found at 500 cm from 
4 When a voltmeter is connected across the cell, the balancing 
length of the wire is decreased by 10 cm. 


Il. Potential gradient along AB is 


(1) 1/5 Vm” (2) 2/5 Vm” 

(3) 3/5 Vm” (4) 4/5 Vn! 
12. Reading of the voltmeter is 

(1)2V (2) 2.04 V 

(3) 1.96 V (4) 1.0V 
13. Resistance of the voltmeter is 

(1) 400 Q (2) 500 Q 

(3) 510Q (4) 490 Q 
For Problems 14-15 


100 cm. When a cell E, is 
cm, no current flows from 


AB is a potentiometer wire of length 


Connected across AC, where AC = 75 ae 
E, is negligible. 


x The internal resistance of the cell 
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14. Find the potential gradient along AB. 


(1) 0.01 Vem! (2) 0.03 Vem ' 
(3) 0.04 Vm ! (4) 0.02 Vem! 
15. Find emf of the cell £. 
(1)2V © (LSV 
(3) 1V (4) 1.75 V 
For Problems 16-18 
In the connection shown in the C 
figure, initially the switch K is open — m] 
and the capacitor is uncharged. 
Then the switch is closed, and LO AMIA 
the capacitor is charged up to R, i Ra 7 


the steady state and the switch | 
is opened again. Determine the 
values indicated by the ammeter. 


[Given V, = 30 V, R, = 10 KQ, V, 
R,=5kQ] 
16. Just after closing the switch 
(1) 2mA (2) 3 mA 
(3) 0 mA (4) none of these 
17. A long time after the switch was closed 
(1) 2 mA (2) 3 mA 
(3) 6 mA (4) none of these 
18. Just after reopening the switch 
(1) 2 mA (2) 3 mA 
(3) 6 mA (4) none of these 


For Problems 19-21 

The value of resistance of an unknown resistor is calculated using 
the formula R =V/I where V and / are the readings of the voltmeter 
and the ammeter, respectively. Consider the circuits below. The 
internal resistances of the voltmeter and the ammeter (R, and R, 
respectively) are finite and nonzero. 


Let R and R, be the calculated values in the two cases 4 
and B, respectively. 
19, The relation between R , and the actual y alue of R is 


(1) R>R, (2) R<R, 

(3)R=R, (4) dependent upon £ and r 
20. The relation between R, and the actual value of Ris 

(I)R<R, (2) R>R, 

(3)R=RK, (H dependent upon £ and r 


21. If the resistance of v ‘ter is R = Lk i 
| Ris ance of voltmeter is RK = [kQ and that of 
ammeter is R= 1 Q, the magnitude of the percentage error 
in the measurement of R (the value of R is nearly 10 Q) is 
(1) zero in both cases 
(2) nonzero but equal in both cases 
(3) more in circuit A 
(4) more in circuit B 
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For Problems 22-24 

An ohm meter measures the resistance placed between its leads. 
This resistance reading is indicated by a galvanometer that operates 
on current. The ohm meter has an internal source of voltage to 


5 
create the necessary current to WV G 
J 
rate the galvanometer and 
operate g an i TOS PA G 
also has appropriate resistor to i 


allow just right amount of current 
through galvanometer. A simple 
ohm meter is shown here. 

When there is an infinite 
resistance, there is zero current 
through galvanometer and it points 
in middle. If the test leads of this 
meter are directly shorted (zero 
resistance), galvanometer will give 
full deflection. 
Galvanometer specification: 
Resistance of galvanometer = 
Fullscale current = 0.5 mA 
Total number of division = 40 


ii. Power dissipated by left resistance | b. Increases 


R 


iii. Voltmeter reading 


c. Decreases 


: PE Sa. 
iv. Ammeter reading d. Becomes zero 


3. Figure shows the internal wiring of a three-range voltmeter 


100 Q whose binding posts are marked “+”, 2 V, 10 y 


and 100 V. When the meter is connected to the circuit being 
22. What is the value of resistance (R) required in series with made to the 
(3) 19KQ (4) 9kQ to the post IOV 100 


measured, one Ro 
battery and galvanometer? post marked + 
23. If an unknown resistance is placed between two leads and 


connection is ial AK Ni / y) = 

| 

(1) 20k Q (2) 19.9kQ ad ic elke T l 
needle deflects up to B (mid of scale), then resistance is 


marked with the desired voltage range. The resistance of the 
moving coil R, is 40 Q, and a current of | mA in the coil 


equal to causes it to deflect full-scale. Then match the following: 

(1) 20kQ (2)10kQ ae 

aie nes ee column | column) 
24. If 5 Q is measured with help of ohm meter, the needle lies i, Value of resistance R, in kQ = 

between ii. Value of resistance R, in KQ b.2 

(1) œ and 4 (2) A and B iii. Overall resistance of the meterin | c. 1.96 

(3) Band C (4) C and zero 100 V range in kQ 

iv. Overall resistance of the meter in [a 90 

Matrix match Tye oooO | || 2 V range in KO 


4. In the circuit shown, all the ammeters are ideal. Match the 
following based on the circuit 
20 V 


1. In a potentiometer experiment 


i. Deflection of 
galvanometer is in the 
same direction at the two 
ends of the wire 


a. Accuracy in 
measurement increases 


_ I A protective resistance 
added in series to the 
___ galvanometer 


b. Accuracy in 
measurement decreases 


iii. A short wire is used as a 


(A The emf of the battery i in 
| potentiometer 


Column l 


the primary circuit is less — 
than the emf of the cell to i. If switch S is open, the ammeter(s) | a WA, and A, 
a be measured that read(s) less than 10 A aa 
iv. More length of d. Uncertainty in the location li, If switch $ is open, the ammeter(s) b. A, and 4, 
potentiometer up to null of balance that read(s) equal current 
point | 
iii, If switch S is closed, the ammeter(s) c. A, and A, 


2. In the circuit shown in figure, the battery, ammeter, and that read(s) more than 5 A 
voltmeter are ideal and the switch $ is initially closed as iv. If switch S is closed, the 


shown. When S is opened, match the parameters of column | ammeter(s) that show(s) increase 
with the effects in column II. _in the reading 


. ~i yent for comparing emfs of two primary cells 
xpi 


g M al atentiometer. some observations are given in Column I. 
Pii i gp 
site 


Column Il 


mpenn aC Br iN lanl 
| — a. Accuracy in measurement 


Deflection of E 
alvanometet Is In increases 
(i 


came direction at 
` the wire 


| < series protective | b. The positive terminals of 
me all batteries/cells are not 
connected at a point 


resistance added 
in series tO the 


4 short wire is used | c. emf of battery in primary 
in potentiometer circuit is less than the emf of 


cell to be measured 
SS 


wy More length of wire |d. Uncertainity in the location 
up to null point of balance point increases 


iii. 


, Column has four circuits each having an ammeter. Column II 
has four values of current in the ammeter. The ammeter has 
zero resistance. The voltmeter in (V) has infinite resistance 
and a reading 8 V. The resistance R has not been specified. 
Match the circuit with its correct ammeter reading. 


“Column | 
i. 20V a. Zero 
4Q 
ii. 20V b. 2A 
R 
32 | 
ANV 4 
aid 2 
ii 20V e 4A 
e 
sQ 242 82 
HW 
122 | 
NY ee eee 
a 20 V id. 5A 
We o a a 


l. Match the readings of the voltmeter and ammeter 
respectively shown in the figures. 


p 


Column II 
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Tb. 20V a 


. 2A 


iA 


— | 


. Consider the circuit shown. The resistance connected 


between the junction A and B is 60, including the resistance 


of the galvanometer. The X 

switches have no resistance ' mom ~ 
when shorted and infinite ws 
resistance when opened. All the 
switches are initially open and 
they are closed as given in 
Column I. Match the condition 
in Column I with the direction of 
current through galvanometer 
and the value of the current 
through the battery in Column II. 150V 


i. Only switch S is closed | a. Current flows from A to B 
ii. Only switch S, is closed | b. Current flows from B to A 


Column I 


iii. Only switch S, is |e. Current through the 
closed battery is 10 A 


iv. Only switch S, is closed | d. Current through the 
battery is 13 A 


Numerical Value Type Iil 


1. A galvanometer, together with an unknown resistance 


in series, is connected across two identical batteries of 
each 1.5 V. When the batteries are connected in series, 
the galvanometer records a current of | A, and when the 
batteries are connected in parallel, the current is 0.6 A. In 
this case, the internal resistance of the battery is 1/*** Q. 
What is the value of **’? 


. In the circuit shown in figure, the internal resistance of the 


cell is negligible. For the value of R = 40/x Q, no current 
flows through the galvanometer, What is x? 


— NWA, | 2V 
R 
DSA 
! , 0.5 
A 
402 | gQ 
NANA VWV- 
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3. A 5 m potentiometer wire having 3 Q resistance per meter 
is connected to a storage cell of steady emf 2 V and internal 
resistance 1 Q. A primary cell is balanced against 3.5 m of it. 
When a resistance of 32/n Q is put in series with the storage 
cell, the null point shifts to the center of the last wire, 1.¢., 
4.5 m. What is ‘n’? 140.8 

4. The ammeter shown in figure WM 
consists of 480 Q coil connected 
in parallel to 20 Q shunt. Find n 
the reading of the ammeter 
(in A). 20 V 

5. A potentiometer wire of length 10 m and resistance 
30 Q is connected in series with a battery of emf 
2.5 V, internal resistance 5 Q, and an external resistance 
R. If the fall of potential along the potentiometer wire is 
50 u Vmnr". Find the value of R (in ©). 


6. Find the reading of the ammeters A, (in ampere) connected 
as shown in the network. 


7. In figure, the ammeter (I) 
reads a current of 10 mA, 
while the voltmeter reads a 
potential difference of 3 V. The 
ammeters are identical, and 
the internal resistance of the 
battery is negligible (consider 
all ammeters and voltmeters as 
nonideal). 


The resistance of ammeter is mx10? Q. What is the value 
of m? 

8. The maximum current in a galvanometer can be 10 mA. 
Its resistance is 10 Q. To convert it into an ammeter of 
1 A, what resistance should be connected in parallel with 
galvanometer (in 107! Q)? 

9. The current in a conductor and the potential difference 
across its ends are measured by an ammeter and a voltmeter, 
respectively. The voltmeter draws negligible currents. The 
ammeter is accurate but the voltmeter has a zero error (that 
is, it does not read zero when no potential difference is 
applied). Calculate the zero error if the readings for two 
different conditions are 1.75 A, 14.4 V and 2.75 A, 22.4 V 
(in x 10°'V). 

10. In the circuit shown in figure the reading of an ideal 
ammeter is the same with both switches open as with both 
closed then find the resistance R (in KQ). 


1000 Q 
WA T 


R 


VVVVVVV 


7 11. If resistance R, in resistance box is 300 Q, then the balanced 


12. 


13. 


14. 


15. 


length is found to be 75.0 cm from end A. The diameter of 
unknown wire is 1 mm and length of the unknown wire js 
31.4 cm. Find the specific resistance of the unknown wire, 
(uQ-m) | 

An ammeter and a voltmeter are connected in series to a 
battery of emf E = 6.0 V. When a certain resistance is 
connected in parallel with the voltmeter, the reading of 
the voltmeter decreases two times, whereas the reading 
of the ammeter increases the same number of times. Find 
the voltmeter reading (in volts) after the connection of the 
resistance. 

In the circuit shown in figure the reading of ideal ammeter 
connected as shown is same with both switches open as with 
both closed. Then find the resistance R (in Q). 


= 50.Q 


a 
300 Q LSY 
One of the circuits for the 
measurement of resistance 
by potentiometer is j 
shown. The galvanometer Q 
is connected at point A 
and zero deflection, is 
observed at length PJ = 
30 cm. In second case the 
secondary cell is changed. 
Take € = 10 V andr = 1 Q in 1* reading 
and € = 5 V and r = 2 Q in 2™ reading. 


In second case, the zero deflection is observed at length 
PJ= 10 cm. What is the resistance R (in ohm)? 


For the galvanometer of the potentiometer shown in the 


figure, the balance point is obtained at a distance 75 cm 
from A when the key is open. l 


The second balance point is obtained at 60 cm from 4 when 


the key is closed. Find the internal resistance (in Q) of the 
battery E 


& 


In the circuit shown, R = 10 Q and V= 100 volt. With switch 
S open the reading of ammeter is one third its reading when 


S’ is closed. Calculate the resistance of the ammeter (in Q). 


core WW | 
Nn 


| Aeg] ammeter and voltmeter are connected in series 
| no : eal cell of emf E = 22 V as shown in figure. 
j aa mck , 
1 „ith an athe voltmeter is V, When a resistance is added 


godin? | to the voltmeter its reading becomes V/10 and 


he yr the value of V, (in volts). 
yale 


W 


Ji 


single Correct Answer Type 


1, Which of the following statements is false? 
| (1) A rheostat can be used as a potential divider. 
2) Kirchhoffs second law represents energy conservation. 
(3) Wheatstone bridge is the most sensitive when all the four 
resistances are of the same order of magnitude. 
(4) In a balanced Wheatstone bridge if the cell and the 
galvanometer are exchanged, the null point is disturbed. 
(JEE Main 2017) 


3. When a current of 5 mA is passed through a galvanometer 
having a coil of resistance 15 Q, it shows full-scale 
deflection. The value of the resistance to be put in series 
with the galvanometer to convert it into voltmeter of range 
(+10 V is 
(1) 2.535 x 10? Q 
(3) 1.985 x 10° 


(2) 4.005 x 10.2 
(4) 2.045 x 10° Q 
(JEE Main 2017) 


3. On interchanging the resistances, the balance point ofa meter 
bridge shifts to the left by 10 cm. The resistance of their 
series combinations is 1 kQ. How much was the resistance 
on the left slot before interchanging the resistances ? 

(1) 90 Q (2) 990 Q 
(3) 505 Q (4) 550 Q 
(JEE Main 2018) 


4. In a potentiometer experiment, it is found that no current 
passes through the galvanometer when the terminals of the 
cell are connected across 52 cm of the potentiometer wire. If 
the cell is shunted by a resistance of 5 Q, a balance 1s found 
when the cell is connected across 40 cm of the wire. Find 
the internal resistance of the cell. 

e | (I)25Q (2) 1 Q 


(3) 1.50 (4) 22 (JEE Main 2018) 


n FE ADVancep 


‘ingle Correct Answer Type 
l. To verify Ohm’s law, a student is provided with a test 
Tesistor R „a high resistance R,, a small resistance R, , (wo 
identical galvanometers G, and G,, and a variable voltage 
| source V. The correct circuit to carry out the experiment 1s 


Electrical Measuring Instruments _6.3° 


18. In the figure shown PQ is a potentiometer wire. When 
galvanometer is connected at A, it shows zero deflection 
when PJ = x. Now the galvanometer is connected to B and 
it shows zero deflection when PJ = 3x. Find the ratio of 
unknown resistance R and R(R /R =?) 


mje 
—— a 


© 


R Y R 


ANA A 
y F 
— Ám 
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ao, e 
Gib RAL = 
| errs E 
(M| R D= | 
R, 
_ja—____—— 
(IIT-JEE 2010) 


Multiple Correct Answers Type 


1. Consider two identical galvanometers and two identical 
resistors with resistance R. If the internal resistance of the 
galvanometers RC < R/2, which of the following statement(s) 
about any one of the galvanometers is (are) true? 

(1) The maximum voltage range 1s obtained when all the 
components are connected in series 

(2) The maximum voltage range is obtained when the two 
resistors and one galvanometer are connected in sertes, 
and the second galvanometer is connected in parallel to 
the first galvanometer 

(3) The maximum current range is obtained when all the 
components are connected in parallel 

(4) The maximum current range is obtained when the 
two galvanometers are connected in series, and the 
combination is connected in parallel with both the 
resistorsg (JEE Advanced 2016) 

Numerical Value Type 


1, A galvanometer gives full scale deflection with 0.006 A 
current. By connecting it to a 4990 Q resistance, it can be 
converted into a voltmeter of range 0-30 V. If connected 
to a 2/249 Q resistance, it becomes an ammeter of range 
0 1.5 A. The value ofn is 

(JEE Advanced 2014) 

» A moving coil galvanometer has 50 turns and each tum 
has an area 2 x 10+ mè. The magnetic field produced 
by the magnet inside the galvanometer is 0.02 T. The 


A fn. 
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torsional constant of the suspension wire is 10* Nm rad. 
When a current flows through the galvanometer, a full scale 
deflection occurs if the coil rotates by 0.2 rad. The resistance 
of the coil of the galvanometer is 50 Q. This galvanometer 


is to be converted into an ammeter capable of measuring 
current in the range 0-1.0 A. For this purpose, a shunt 
resistance is to be added in parallel to the galvanometer. The 
value of this shunt resistance, in ohms, Te ! 


(JEE Advanced 2018) 


Answers Key 
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EXERCISES 


Single Correct Answer Type 


1. (2) 2. (1) 3. (1) 4. (1) 5. (3) 

6. (3) 7. (2) 8. (1) 9. (2) 10. (2) 
11. (3) 12. (2) 13. (2) 14. (2) 15. (1) 
16. (2) 17. (1) 18. (1) 19. (3) 20. (1) 
21. (1) 22. (3) 23. (2) 24. (4) 25. (2) 
26. (2) 27. (2) 28. (3) 29. (4) 30. (1) 
31. (3) 32. (2) 33. (1) 34. (1) 35. (2) 
36. (2) 37. (2) 38. (1) 39. (1) 40. (1) 
41. (4) 42. (4) 43. (1) 44, (2) 45. (1) 
46. (4) 47. (2) 48. (4) 49. (1) 50. (1) 
51. (4) 52. (2) 53. (2) 54. (1) 55. (4) 
56. (2) 57. (4) 58. (4) 59. (2) 60. (4) 
61. (4) 62. (1) 63. (1) 64. (4) 65. (3) 
66. (2) 67. (1) 68. (1) 69. (1) 70. (3) 
71. (3) 72. (4) 73. (1) 74, (2) 75. (3) 

Multiple Correct Answers Type 

1. (2),(3) 2«(2),G) 3. (2),(3) 

4. (1),(2),(4) 5. (2),(3) 6. (1),(4) 

7. (1),(2),(4) 8. (1),(2),(4) 9. (1),(2) 
10. (1),(2) 11. (1),(2),(4) 12. (1),(2) 


13. (1),(3),(4) 14. (1),(3),(4) 15. (1),(2),(4) 


Linked Comprehension Type 


1. (1) 2. (4) 3. (4) 4. (3) 5. (1) 

6. (4) 7. (2) 8. (3) 9. (1) 10. (1) 
11.2) 12.) 13.(4) 14. (4) 15. (2) 
16. (3) 17.1) 18.(1) 19. (1) 20. (1) 
21.(4) 22.2)  23.(1) 24. (4) 


Matrix Match Type 


„=c: ii 3 d.; iili. ~ b., d.; iv. > a. 

+> b.; ii. 9 c.; iii. 9 c.; iv. — C. 

+» c; ii. 3 d.; iii. > a.; iv. > b. 

=a., b., c., d.; ii. > a., b.; iii. > b., c.; iv. 3 b., c., d. 
— b., c.; ii. > d.; iii. — d.; iv. > a. 

ETR ii. 9 ¢.5 ili. 9 a. IV. > d. 

Sas ji. => å; il. > a.; iv. > a. 

=> a., d.; ii. > b.; iii. — a., C.; iv. > a. 


1. 


SrnNAnkYnN 
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Numerical Value Type 


1.3) 2. (9) 3. (7) 4. (0.125) 5.(115) 
6. (2) 7. (1) 8. (1) 9. (4) 10. (6) 
11. (250) 12. (2) 13. (600) 14. (4) 15. (1.5) 
16. (10) 17. (20) 18. (2) 
ARCHIVES 
JEE Main 
Single Correct Answer Type 
1. (4) 2. (3) 3. (4) 4. (3) 


JEE Advanced 


Single Correct Answer Type 
1. (3) 

Multiple Correct Answers Type 
1. (1),(3) 

Numerical Value Type 


15) 2. (5.55) 
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4fATING EFFECTS OF CURRENT 


en an electric current is passed through a conductor, it 
ames hot and its temperature starts rising, This is known as 
rating effect of current or Joule’s heating effect. Here electric 

, converts into heat energy. Various appliances such as 


energy . : ` 
yer, iron; heater, fuse wire, etc. work on this basis. 
ays 3 


caus OF HEATING 


When current is passed through a conductor, the electrons start 
iifting toward the positive end. They gain additional kinetic 
mrgy (KE) apart from thermal KE. These electrons suffer 
collisions with atoms/ions more violently and transfer their KE to 
soms/ions. It increases the amplitude of vibrations of ions/atoms. 
Thus. the average KE of vibrations of atoms/ions increases, 
which shows up in the form of increased temperature. Here, the 


lectric energy supplied by the source of emf is converted into 
heat. 


HEAT PRODUCED BY AN ELECTRIC CURRENT 


Suppose a current J is flowing in a resistor of resistance R (figure). 
The amount of charge passed through the resistor in time f¢ is 
i= It. Decrease in the potential of 
+: e š 
“Is charge is given by V = IR, and =a 3 t 
crease in the potential energy of the 
targe is given by gV = PRt. 

is decrease in the energy will appear in the form of heat 
“ergy. So the electric energy produced in a resistor of resistance 
‘in time t in which a current J is flowing is given by H = PRT, 
“tich is Joule’s law of heating. 

Thus, Joule’s law of heating states that the amount of heat 
“oduced in a conductor is directly proportional to (1) the square 
the Current, (2) the resistance of the conductor, and (3) time. 
“ther forms of H are as follows: 

2 


H= PR syi 
R 
Joule’s heating effect is irreversible. The resistor will become 
° (and not cool down), irrespective of the direction of yri 
‘ Hep , heating effect of current is common to both a 
E This is why instruments and appliances such as filament bulb, 
ter, 8eyser, press, toaster, etc. work on both dc and ac. 


“LectRIc POWER PRODUCED IN THE CIRCUIT 
i r electric power generated in the circuit is the energy produce 
© resistor per unit time. Thus, 
2 
ee T, 
t R 


UNITS OF ELECTRIC ENERGY AND ELECTRIC POWER 
Electric energy can be expressed in units such as J, cal, kWh, etc. 

l cal =4.18 J=4.2J 
Relation between kWh and J: 

1 kWh = 1000 W x h = 1000 W x 3600 s 

=3.6 x 10° Ws = 3.6 x 10° J 

1 kWh is the energy consumed by an appliance of power 1 kW 
when it runs for 1 h. 


Commercial unit: 1 kWh is one unit of electricity. To calculate 
the number of units, we can use the following relation: 
watt x hour 

1000 


The energy dissipated in kWh can be calculated using the 
following relation: 


Number of units = 


F- V (in volt) x J (in ampere) x ż (in hour) 
7 1000 


Electric power can be expressed in units such as W. kW. 
MW, hp; they share the following relationships: 1 kW = 10° W. 
1 MW = 10° W, 1 hp = 746 W. 


Important Points: 


e If the resistances are connected in series. then using 
P = PR, the power developed will be higher in the resistor 
of higher value as current will be same in all resistors. 

e If the resistances are connected in parallel, then using 
P=V°/R, the power developed will be higher in the resistor | 
of lower value as potential will be same across all resistors. 


A series battery of 6 lead accumulators, each of emf 2.0 V and 
internal resistance 0.50 Q, is charged by a 100 V de Supply. 
What series resistance should be used in the charging circuit in 


order to limit the current to 0.8 A? Using the required resistor, 
obtain: 


(a) the power supplied by the de source 
(b) the power dissipated as heat and 
(c) chemical energy stored in the battery in 15 min. 
“Sol. We are given that emf of the char 
The total emf of the batte 
&,=2.0x6=12V 
Total internal resistance of the battery, 


ging supply, €,=100V 
ry which is being charged, 


r=0.50x6=3.00 


5 
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E i 7 ~ 
arged, the emf of the battery (é,) 


he battery is being ch 
when tha same 5 : (£) of the de supply. Hence, 


acts in a direction opposite to that 
effective emf in the charging circuit, 
g=8,-& =100-12=88V 


to limit the current (/) to 8.0 A. 


Let R be the resistance required 
Clearly, 


(a) Power supplied by the de source, P=! 
Hence. P =100x8 = 800 W 
(b) Power dissipated as heat, 
p=1(R+r)=(8) 84+49)= 704 W 
(c) Energy stored in the battery in 15 min (ie., 15 x 60s) 
=(P- P'\(15x 60) = (800 — 704) x 900 = 86400 J 


A dry cell of emf 1.5 V and internal resistance 0.10 Q is 
connected across a resistor in series with a very low resistance 
ammeter. When the circuit is switched on, the ammeter reading 
settles to a steady value of 2.0 A. 

(a) What is the steady rate of chemical energy consumption of 


the cell? 
(b) What is the steady rate of energy dissipation inside the cell? 
(c) What is the steady rate of energy dissipation inside the 
resistor? 
(d) What is the steady power output of the source? 


(a) Rate of chemical energy consumption of the cell is 


El=1.5x2=3W 

(b) Rate of energy dissipation inside the cell is 
Pr=(2) x 0.1= 0.4 W 

(c) Rate of energy dissipation inside the resistor is 
PR = EI - Pr = 3 -0.4 = 2.6 W 

(d) Power output of the source = PR=2.6 W 


Two wires of same mass, having ratio of lengths 1:2, density 
1:3, and resistivity 2:1, are connected one by one to the same 
voltage supply. The rate of heat dissipation in the first wire 
is found to be 10 W. Find the rate of heat dissipation in the 
second WIFE. 


L 2'd, 3 p, | 
m=Al,d, = A,l;d, 
P, _V°IR, 
P VIR, 

R, pil, A 


or P= 576 


Important Point: 

Resistance of a bulb (or other appliances): Let a bulb be 
designed to operate on a voltage V and its power indicated 
on it be P, (see figure). The resistance of the bulb is given by 


R= vši p: , , Vo, Py R=Vi/P, 
Now let a potential di 


applied across this bu 
consumed is given by 


LY) p 4 | 
P= RK) * | 


fference of V is 
lb, then power 


If V= V, then P = P, The above formula is very convenient 
to calculate the power consumption when the applied voltage 
is different from the specified one. | 
An electric appliance consumes the specified power 
P, only if it runs at the specified voltage V,. If the applied | 
voltage V, is greater than the specified voltage, the appliance 
may get damaged as in this situation, I = V,/R will exceed its 
current capacity [, = Vo/R. Further, if an appliance is made 
fo run at a voltage lower than the specified, then true power | 
consumption will be less than the specified value. | 


A 100 W bulb is designed to operate on a potential difference 
of 230 V. 


(a) Find the resistance of the bulb. 
(b) Find the current drawn by the bulb if it is operated at 2 
potential difference for which it is designed. 
(c) Find the current drawn and power consumed by the bulb 
~ if it is connected to a 200 V supply. 


“Sol. Power rating of the bulb is P, = 100 W, voltage and ranng 
of the bulb is I’, = 230 V. i 
(a) Resistance of the bulb is 


z2 920) 
R= ire a =529Q 
R 100 
(b) Current drawn is 
j- Yu 230_10 
R 529 23 
200 200 Y 
a- 2% OA i A << 
(c) 5 =>! re=(*) x 529 = 75.6 W 


A 500 W heating unit is designed to operate from a 200 V line. 


By what percentage will its heat output drop if the line voltage 
drops to 160 V? Find the heat produced by it in 10 min. 


: sal owe? consumed is oO 
AC 1 
V) p [5] 500 =320 W 
p= A ° {200 
0 
pi drop is 500 — 320 = 180 W. Percentage heat drop is 
MaU 
180 x 100 = 36% 
500 


| bat produced in 10 min (600 s) is given by 
tw" 2320 600 = 192 000 J = 192 kJ 


aa 
portant Points: 
o bulbs connected in series: Suppose two bulbs of 
ame voltage rating V, and power ratings P,, and P are 
connected in series. Here i 


P >P Suppose potential 
/ is applied across them as 


shown in figure. 
Resistances of the bulbs are 


given by 


01 


Suppose powers produced in them are P, and P,, 
respectively. Then P, = /?R, and P, = /’R,. Now 


$$$. 


Pye Pp SR, <R, SP, <P; 
lt means the bulb having more power rating will consume 
less power when connected in series. So the total power 


produced is 
2 
a 4 
, +, 
ee [y A 
Ve Vo (n) Fat Po 
Fy Fy 
IfV=V,, then 
p- Jato E tg 


P +P P P; P» 


0l 02 
Note: If any one bulb in a series gets fused, then others will 
not glow, 
Iwo bulbs connected in 
Parallel: Suppose two bulbs of 
me Voltage rating V, and power 
es P,, and P, are connected 
Parallel. Here Pe Pop: 

i Pose potential V is applied 

oe them as shown in figure. V 

“sistances of the bulbs is 


Wo, Por@® Ri 
Es 


heb pole 
3 i — 
fy, Py 


ively. 


spect 
n Powers produced in them be P; and P,, respe? 
n P= VIR and P, = VIR, 


Pu>Py =» KR <k, = P,” P: 


A 


It means that the bulb having more power rating will 
Consume more power when connected in parallel. So the 


total power produced is 


V 
7 A (2 T Ra) 
0 


If V= V, then P =P, + Py 


Note: If one of the bulbs in a parallel connection gets fused, 


then others will continue to glow. 


yi My aH) i oF n g 
pp a 
awh OD 
} eee ate” 


i 


are marked 220 V-100 W and 220 V-50 W. 


RU 


Two bulbs 


(a) Which bulb will produce more illumination if they are 


connected in parallel to a 220 V supply? 
(b) Which bulb will produce more illumination if they are 
connected in series to a 220 V supply? 
(c) Also find the total power consumed by both the bulbs in 
each of the two parts above. 


os Mal 
Ho sat tN 
cet let 
ORFA e. 


more the power rating, the more the power produced. 
(b) The second bulb will produce more power. In series, the 
more the power rating, the lesser the power produced. 
(c) In the first part, 
In the second part, 
PHP +2. 0+ 50= 150 W. 
In second part: 
_ Fh, _ 100x50 100 
P.+P, 150 3 


W 


jn 


Two bulbs are rated 30 W—200 V and 60 W-200 V. They are 
connected with a 400 V power supply. Find which bulb will 
get fused if they are connected in (a) series and (b) parallel. 


(200) (200) 
a R = Q, R, = —— w 
@) R= == 92 >R >R, 


Hence, voltage across the first 
bulb will be greater than 200 V. 
So it will get fused. 

(b) In parallel, potential across both 
the bulbs will be same and equal 
to 400 V. So both will get fused, 


An electric tea kettle has two heating coils. When one of the ` 


a i switched on, boiling begins in 6 min. When the other 

fee ie on, boiling begins in 8 min. In what time will 
boiling begin if both coils are switched on simultaneousl 

(a) in series and (b) in parallel. : 


Ly 


Heating Effects of Current 7.3 


7.4 Flectrostatics and Current Electricity | 
| m tofthe second coil 


and tha 
Then 


rst coil be P, | 
uired to boil water. 


at req 
and ft, = 8 min. 


Let the power of fi 
is P,. Let H be the amount of he 


H=P 7 P,t,, where i= 6 min i 
connected in series, 


(a) When the coils are 
__ AP, 
“PhP, 
i LARS. Lpa | 
Honte] H H 
=i +> 6+8= 14min 
(b) When the coils are connected in parallel, 
P=P +P, 
H H H 
t =_= = 
P RAR 2a 


DE 6x8 = 3.43 min 


A bulb B is connected to a source 
having constant emf and some internal 

resistance. A variable resistance R is 2 
connected in parallel to the bulb. If 

the resistance R is increased, how will R 
it affect the . 

(a) Brightness of the bulb? 

(b) Power spent by the source? 


So Let resistance of the bulb be R, - 
The equivalent of two parallel resistances is given by 
1 1 R= RR, R, 


If R is increased, R must also increase. This increases the overall 
resistance of the circuit and the current through the cell drops. 


E 


As i= and Fany =E! 


Vr 


eg 


The potential drop across the bulb = potential difference across 


the battery 
Hence V sites =é-ir=Viy, 


Hence the potential difference across A a aaa 
means power spent by the cell decrease. Potential drop across the 
internal resistance of the cell drops and the potential Jiiferenos 
across the bulb increases, Hence, the bulb becomes brighter 


As the current í is decreasing, it means V 


A and B are two identical bulbs of 40 W connected to a 
4 they volt sar Switch S$ is closed to connect a third bulb C 
in the circuit. What happens to brightness 

oe ghtness of bulb A? Answer 


high wattage bulb. 
ttage bulb. 


Itage of 12 volt. 


b C is a very 
ry low wa 
have rated vo 


(a) Bul 
(b) Bulb C is a vel 
All the three bulbs 


B and C are in parallel. 
valent resistance of B and C will be smaller than 


Therefore equ! 


that of B. 
R, 3 
NN zR 
Ate OO 
= l — NNW 
E R4 | 


Ra 
Sa 


Hence, the overall resistance decreases. 
Current through A will increase and brightness of A will increase. 


When C has high power rating, its resistance is very small. The 
equivalent of B and C is even smaller. Bulb A will nearly glow at 


its full brightness. 
If C has low powe 
Thus equivalent resistance of B an 


than that of B. 
The brightness of A will increase slightly. 


r rating, its resistance is too high. 
d C will be only slightly less 


Important Points: 


ə Leta resistance R under a pote 
power, then 


y? 
P=— 
R 
So if the resistance is changed from R to Rn keeping 


same, the power consumed will be 


ntial difference V dissipate 


=e | 
f - 


, J P 
= — =n—_=Nn 
R/n 
That is, if for a given voltage, resistance is changed from R 
to R/n, power consumed changes from P to zP. 
If n equal resistances are connected in series with 2 voltage 
source, then power dissipated will be 
| 72 
` nR 


[as R, = nR] 


A if ay ` ree 
nd if the same resistances are connected in parallel with 


the same voltage source, 
P, = V? n? | 
R/n R [as Rp = Rin} 
fe op? 
F; 
o PnP, | 


That is, power cons 
p sie a nab aac by n equal resistors in parallel 1S 
at of the power consumed in series, if V remains 


same, Se 


‘oined in series with a 50 W bulb is 
f Cate ns. If the 50 W bulb is replaced by 
to! shen Will the heater now give more heat 
ee heat ? Why? 
4 secttic bulb rated 220 V and 60 W is connected in 
i lre with another electric bulb rated 220 y and 40 W 
‘a combination 1S connected across a source of emf 
700 y. Which bulb will glow more? 
, We have a 30 W, 6 V bulb, which we want to 
” supply of 120 V. What can be done for this? 
qwo wires of the same material and having the same 
' miform area of cross section are connected in an 
sjectric circuit. The masses of the wires are m and 2m 
respectively. When a current / flows through both of them 
connected in series, then find the ratio of heat produced in 
hem in a given time. 
Water boils in an electric kettle in 15 min after being 
switched on. Using the same main supply, should the 
length of the heating element be increased or decreased if 
the water is to be boiled in 10 min? Why? 
Ahouse is fitted with certain numbers of 100 W, 230 V 
incandescent lamps. The power to the house is fed by a 
generator producing the power at 240 V. The resistance 
of the wires from the generator to the house is 2 Q. Find 
the maximum number of lamps that can be illuminated 
so that the voltage across none of the lamps drops below 
230 V. 
A house is fitted with seven tubelights of rating 220 V, 
40 W each, two bulbs of rating 220 V, 60 W each, five 
fans each drawing a current of 0.4 A at 220 V, and a heater 
of resistance 48.4 Q. The main line power supplied to 
the house is at 220 V. Calculate the bill for the month of 
January if tubelights and bulbs are used for 6 h daily, fans 
for 1 h daily, and heater for 10 h daily. The electricity is 
to cost €2 per unit. 
Two bulbs are marked 200 V, 300 W and 200 V, 600 W, 
respectively. The bulbs are connected in series and the 
combination is connected to a 200 V supply. 
(a) Which bulb will produce more illumination? 
(b) Find the total power consumed by both the bulbs. 
(©) Find the total power consumed if both the bulbs were 
Connected in parallel. 
9. ASW anda 100 W bulb are joined in series 
to the mains. Which bulb will glow brighter? 


onnected 
a 100 W 
less heat, 


glow by a 


ras 
s 


> 


z 


oo 


and connected 


SS ae aE Eee 
l. Heater will gi 
ill give more heat 
‘The bulb rates 220 V and 40 W will och coe with bulb 
| A 2.8 Q resistance should be connecte Ti j 7, Z 796.08 


: 5. Decreases s b 
(0 outs (6) 200 W e900 W _ 9.25 NEN 


AXIMUM POWER TRANSFER THEOREM 


Pose we want to find for what 
"© of external resistance the 
a a power will be drawn 
thoy. battery. For this, in the 
Wn network (figure), let the 


| 
l 


Bine Heating Eff 5 
power d eating Effects of Current 7.: 


eveloped in resistance R be 
sp E’ 
P=[?R = > [as 
(R+r) eid 


Now, for dP/dR = 0 (since P will be maximum if dP/dR = 0) 
2 
(R+ r)’ 

or (r+R)=2R or r=R 


It means the power output is maximum, when the external 
resistance equals the internal resistance i.e., when R =r. 


How will you connect (series and parallel) 24 cells each of 


internal resistance 1 Q to get maximum power output across 
a load of 10 Q? 


i = Suppose there are m rows and each row has n cells. The 
total number of cells is mn = 24. Here 


fz ne 
R+(nr/m) 
For maximum power, internal resistance equals the load resistance 
nr 2 — 
—=R or n=10m orl0m =24 or m=V2.4 =1.55 
m 


If m = ln = 24, [= 24/34, then 
2 
p -() x10 =4,98e 
34 


Ifm=2,n=12,/= 12e/16, then 


2 
P, = (=) x10 =5.625e° 
16 


So we have two rows (m = 2) each containing 12 cells (7 = 12) 
in series. 


SOME APPLICATIONS 


Fusing of bulb when it is switched on: Usually filament bulbs 
get fused when they are switched on. This is because with the nse 
in temperature, the resistance of the bulb increases and becomes 
constant in steady state. So the power consumed by the bulb 
(V?/R) initially is more than that in steady state and hence the 
bulb glows more brightly in the beginning and may get fused. 


Two wires made of tinned copper having identical cross 
section (=10~° m?) and lengths 10 and 15 cm are to be used 
as fuses. Show that the fuses will melt at the same value of 
current in each case. 


WSO) The temperature of the wire rises to a certain steady 
temperature when the heat produced per second by the current 
just becomes equal to the rate of loss of heat from its surface. 
Heat produced per second by the current is 
-ppap pl I’ pl 
P=I'R=] (2)- (i) 


Tr ure 


ft» 
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where / is the length, r is the radius, and p is the specific 
resistance. Let H be the heat lost per second per unit surface area 
of the wire. If we neglect the loss of heat from the end faces of 
the wire. then heat lost per second by the wire is H x surface area 


of wire P' = Hx 2ml (il) 
At steady state temperature, from (i) and (ii) 
Fpi 
Hx2erl=—> 
mr 
` ) eer 
or H = : £ - (111) 
2a rT ; 


From Eq. (iti) we note that the rate of loss of heat (H), which, 
in turn, depends on the temperature of the wire, is independent of 
the length of the wire. Hence, the fuses of two wires of the same 
values of r and p but of different lengths will melt for the same 
value of current in each case. 


Decrease in the brightness of bulb after long use: Also due 
to evaporation of metal from the filament (which deposits as 
black substance on the inner side of glass wall), the filament of 
the bulb becomes thinner and thinner with use. This increases 
the resistance (R = pL/m7) of the bulb, and as P = V°/R, the 
brightness of the light emitted by a bulb decreases gradually with 
time. 


Decrease in brightness of a bulb in a room when a heavy 
current appliance is switched on: As shown in figure, if the 
bulb draws a current J, from the source, then the terminal voltage 
of source is V=(E—J, r). 


So the power consumed by the bulb is 
B y? E- Iry 
R R 


When a heavy current appliance such as motor, heater, or 
geyser is switched on, it will draw a heavy current, say /,, from 
the source so that the terminal voltage becomes 


V’=(E-,+1h)r=V-Ly) (< v) 
Hence the power consumed by the bulb will now be 
y” _ (V -I,ry E 
R R 
So the brightness of the bulb decreases. 


P= 


P 


Note: If the source is ideal, ie., r= 0, V= V= E, then P’= P, 
i.e., there will be no change in the brightness of the bulb, if the 
source is ideal. 


Fuse and its action: A fuse R 

is a metallic conducting wire = — MV Ny 

of 75% Pb and 25% Sn with + -Fuse | 

low melting point and higher = ” Electric 
appliance 


resistance and is in series sl 
with an appliance (figure). (~ 


— 


It is a safety device that protects the appliance from getting 
damaged, by melting and opening the circuit, if the current in 
the circuit exceeds a specific predetermined value, called current 
capacity. 

Long distance power transmission: When power jg 
transmitted through a power line of resistance R, power loss 
will be ZR. Now, let power P, is transmitted at voltage V, then 


P, = VI, i.e., 
j=% 
V 
So power loss is 
2 
a x R 


Since for a given power and line, P, and R are constant, power 

loss is proportional to 1/ y. 

So if power is transmitted at high voltage, power loss will be small 

and vice versa, for example, power loss at 22 kV is 10~ times 

than that at 220 V. This is why long distance power transmission 
is carried out at high voltage. 

e The wires supplying current to a bulb are not heated, but 
the filament of the bulb becomes hot because the resistance 
of the wires is very small in comparison to the resistance 
of the bulb. If only the wires are connected, the entire 
potential difference will be across the wires, and because 
their resistance is very small, a large amount of heat will be 
generated. This happens when the wires are short-circuited. 

e The resistance of high electric power instrument will be 
smaller than that of low electric power instrument because 
for a given voltage, P=V~/R. For example, iron, heater. 
geyser. The heating element of these appliances is made of 
nichrome. It is an alloy of Ni and Cr. Its resistivity 1s higher 
in comparison to platinum, tungsten, and copper. Nichrome 
is used because 
e it has high resistivity and high melting point 
è it is not oxidized when heated 
e it can be easily drawn into wires 


Resistivity is kept higher so that smaller length can be used. 
as 


R pl 
Incandescent electric lamp: An incandescent electric lamp 
consists of a metal filament generally made of tungsten. It is 
enclosed in a glass bulb with some inert gas and at suitable 
pressure. The filament gets heated, becomes white hot (known 
as incandescent stage), and starts emitting white light. The 
filament should have high melting point. i 


A line having a total resistance of 0.2 Q delivers 10 kW at 220V 
to a small factory, Calculate the efficiency of transmission. 


VSO.) The current through transmission line, 
A 10,000 500 
220 11 


Loss = [?r= (=) x 0.2 = 413.22 


jrcuit shown in figure, the O 
e> E, and E, which 4: F E, 


n! of batteries are 
m? nal resistances R, and R, 


p in s . 
yy e of the resistance R will 


hat valu R 
er power generated in it be 

(a en 
ve highest? What it is? y x 
t e © = | 
o batteries are in parallel. The thermal power 


Here tw 
sk ed in R will be maximum when, total internal resistance 


Re era . . 
T batte | external load resistance. The total internal 
Q 


ry = tota 

f equivalent battery, 
1 — RR; 

rT T R+R, 
R R, 


fi i ower R RR, 
dence for maximum p r p= R = — 
= R+R, 


E = = 
oq. i 
— + — 
R R, 

_ 2RR, 


Net resistance in the circuit, Rpa = R+R 
+ 
1 2 


E {E 
R R) E R, + ER, 
R +R, 


E„ _ ER, +E,R, 
"IRR 


7 (E R, + ERY 
“aximum = PR =? e 
power through R, Prax =! 4R R, (R, + R,) 


CONCEPT APPLICATION EXERCISE 7.2 


L Each of the three resistors in figure has a resistance of 2 Q 
and can dissipate a maximum of 18 W without becoming 
excessively heated. Find the maximum power the circuit 


can dissipate. AAM 
-— Ium- 
ANV 


2A series circuit consists of three identical lamps 
to a battery as shown in figure. 


- The current in the circuit, i = 


connected 


1, 


When the switch S is closed, what happens 
(a) to the intensities of lamps A and B, 


Heating Effects of Current 


(b) to the intensity of lamp C, 
(c) to the current in the circuit, and 
(d) to the voltage drop across the three lamps? 


Does the power dissipated in the circuit increase, 


decrease, or remain the same? 
3. An electric motor operating on a 50 V de supply draws 


estimate the resistance of the windings of the motor. 
4. A fuse with a circular cross-sectional radius o 
blows at 15 A. What should be the radius of the cross 
section of a fuse made of the same material that blows at 


30 A? 

5. A motor operating on 12 
heat is developed in the motor at t 
is its efficiency? 

6. The walls of a closed cubical box of edge 40 cm are made 
of a material of thickness 1 mm and thermal conductivity 
4 x 10-4 cals'cm! °C!. The interior of the box is 
maintained at 100°C above the outside temperature by 
a heater placed inside the box and connected across 
400 V dc. Calculate the resistance of the heater. 

7. Two tungsten lamps with resistances R, and R,, 
respectively, are connected first in parallel and then 
in series in a lighting circuit of negligible internal 
resistance. Given that R, > R» 

(a) Which lamp will glow more brightly when they are 
connected in parallel? 

(b) If the lamp of resistance R, now burns out. how will 
the net illumination produced change? 

(c) Which lamp will glow more brightly when they are 
connected in series? 

(d) If the lamp of resistance R, now burns out and lamp 
R, alone is plugged in, will the net illumination 
increase or decrease? 

8. n identical bulbs are connected in series and illuminated 
by a power supply. One of the bulbs gets fused. The 
fused bulb is removed, and the remaining bulbs are again 
illuminated by the same power supply. Find the fractional 
change in the illumination of (a) all the bulbs and (b) one 
bulb. 

9. An electric motor is designed to work at 100 V and draws 
a current of 6 A. The output power supplied by the motor 
is 150 W, and the remaining goes to heat. What ts the 
resistance of the windings of the motor and its percentage 
efficiency? ~ 

10. aR ee restricts the voltage output to 
22 : 1%. If the electric bulb rated 220 V, LOO W is 


he rate of 9 cal s~', what 


connected to it, what will be the minimum and maximum 


power consumed by it? 
Il. Fhe efficiency of a cell when connected to a resistance 
‘ O/ i N > i 
R is 60%. What will be its efficiency if the external 
resistance is increased by six times? 


SAN ee 
1.27 W 


2. (a) Intensities of bulbs 4 and B will increase and bec 
2.25 of their initial values (b) Zero (c) The current ihc 
e 


> 


a current of 12 A. If the efficiency of the motor 1s 30%, | 


f 0.15 mm | 


0 V draws a current of 2A. If the | 


FO 
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ecome 1.5 times its initial 
oss A and B will increase 


and become zero. Power 
times 


circuit will increase and will b 
value (d) The voltage drop acr 
while across C it will decrease 
dissipated in the circuit increases and becomes 1.5 
its initial value. 

3.29 Q 4.0.2383 mm 5.84.25% 6. 9.92 Q 

7. (a) Bulb having lower resistance will shine brightly 
(b) Net illumination will decrease (c) The lamp having 
higher resistance will glow more brightly (d) Illumination 


gets increased 


Ly 22L 9, 12.5 Q, 25% 


> 


n-li (n-1)7 
=102 W, P. =98 W 


min 


8. (a) 


11. 90% 


max 


| 10. P 
S 


A series battery of six cells each of emf 2 V and internal 
resistance 0.5 Q is charged by a 100 V de supply. What 
resistance should be used in the charging circuit in order to 
limit the charging current to 8 A. Using this relation, obtain 
(a) the power supplied by the dc source, (b) the power 
dissipated as heat, and (c) the chemical energy stored in the 
battery in 15 min. - 


Given: number of cells, n = 6; emf of each cell, 
E=2V: internal resistance of each cell, r= 0.5 Q; charging voltage, — 
V = 100 V. Let R be the resistance used in the series of the 
circuit while charging the cells. Then current in the circuit 


will be 


Solved Examples 


¡=V "E 
nr+ R 


ör p= E nr= 0E 6x055 11-3580 


1 

(a) Power supplied by dc source is V x i= 100 x 8 = 800 W 
(b) Power dissipated as heat is 

i2(R + nr) = 8? (8 + 6 x 0.5) = 704 W 
(c) Rate at which the chemical energy is stored is 

800 — 704 = 96 W 

Therefore, chemical energy stored in 15 min is 
96 x 15 x 60 = 86400 J 


Determine the current through the battery of internal resistance 
0.5 Q for the circuit shown in figure. How much power is 
dissipated in 6 Q resistance? 

A 2 Q 


| 
15V 
0.52 6 


4 C 
1Q 
80 | 10.2 | 
E 


A D 


e of arm BCDE is 7 + 1 + 10 = 18 Q . Her 


Resistance l i i i 
Their effective resistance is 


18 Q and 6 Q are in parallel. 
18x6 _ 18x6 45Q 


— = 


R =ig+6 24 
Total resistance of the circuit is 2 ig 45+8+05=159 
Therefore, current through the circuit 1s 


¡= 221A 
15 
al difference across B and £ is i x R,=1x4.5=45 Vy, 


Potenti l 
d as heat due to resistance 6 Q is 


Therefore, power dissipate 


2 
Cois 3.375 W 


6a 6 


P 


Two uniform wires of same material, each weighing 1 g but 
one having double the length of the other, are connected in 
series, carrying a current of 10 A. The length of the longer wire 
is 20 cm. Calculate the rate of consumption of energy in each 
of the two wires. Which wire gets hotter? The density of the 
material of the wire is 11 gem”, and the specific resistance of 


the material is 20 x 107% Q cm. 


ai } Let a, and a, be the areas of cross section of the short 
and the long wires, respectively. Since mass = volume x density 
= alp, 


l=a,x10x1l=a,x20x 11 


1 2 l 2 
or a, = cm and a, = cm 
10x11 20x11 

R =20x105x a 
1/(10x 11) 

=20x 10-5 x 10x 10x 11 =22 x 107 Q 

R, -yoxi kgg O 

1/(20x11) 


And rate of heat produced is 

H, = PR, = (10)? x 22 x 107 = 22 W 
and H,=1?R,=(10)? x 88 x 10 = 88 W 
Thus, the wire of longer length gets hotter. 


M a A 


In a house having 220 V line, the following appliances are 
operating: 

(i) a 60 W bulb, (ii) a 1000 W heater, and (iii) a 40 W radio. 
Calculate (a) the current drawn by the heater and (b) the current 
passing through the fuse in the main line. 


Sol.) Here, V = 220 V; P, = 60 W; P, = 1000 W; P, = 40 W. 
(a) Current drawn by heater is 


P, _ 1000 50 
V 220 11 
(b) Current drawn by bulb is 
F809 _ 3 
V 220 11 


ter ÍS designed to 
: as with a power of 
ee in a 100 V line. It 
. ted. in combination 
i resistance R, toa 100V 
c as shown in figure. ; 
“at should be the value of R such that heater may operate 
siha power of 62.5 W? 


@ ire resistance of the heater is 


ee Hw 
P yal 
JI 19 
1000 
“: power on which it operates is ‘aoe 
2: W. Therefore, 


V= |R xP'= J10 x 62.5 = 4625 =25V 
» he potential drop across AB is 75 V. 
“erefore. the current in AB is 


4 
I=—=—=7.5A 
R 10 


T current gets divided into two parts. Let I , be the current that 
“Ss through the heater. Therefore, 
— =hx10 or =25A 
“te, the current through R is 5 A. 
lying Ohm’s law across R, we get 
=5x%R or R=5Q 


Ô Find the time taken by a filament of 200 W to heat 500 ml 

of water from 25°C to 75°C. Specific heat of water is 

l calg-1 °C- Take | cal = 4.2 J. 
Find the power produced 
fach resistor shown in 
sure. If R, is dipped in 
000 mi of water at 30°C, 
_@ the time taken by it to 

il the water. 


" Heat received by water, Q = mcAT 
= heat supplied by filament = Pt 
> Pt=mcAT 
200t = 0.5x 4200x50 = 1=525s 


Wp. a aE 
) Equivalent resistance of the circuit, Rq = 4+ 3a 6Q 
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12 
Current through resistance Rie ft, = =2A 
Current through resistance Rai I, -2 A 
; 4 
Current through resistance Ry ds = A 
Power consumed in R, P =I R =2x4=16 W 
2)’ 8 

Power consumed in R,, he (2) x6 = 3 W 

| 4)’ 16 
Power consumed in Ka D= 4 x3 = > W 
Now heat supplied by filament = heat received by water 
=> Pt=mcAT 

x 70 
16t =1.0x4200x70 => 1 = en = 18,375 s 


A heating coil of 2000 W is immersed in water. How much 
time will it take in raising the temperature of 1 L of water from 
4°C to 100°C? Only 80% of the thermal energy produced is 
used in raising the temperature of water. 


‘Sol.’ Here, P= 2000 W, t=? (in seconds) 
Volume of water is 1 L = 1000 cm? 
Mass of water is, 
m = volume x density = 1000 x 1 = 1000 g 
Rise in temperature is 0, — 0, = 100-4 = 96°C 
We know that the specific heat of water is 
c=1calg-!°C-! 
Therefore, heat taken by water is 
mc (8, — 8,) = 1000 x 1 x 96 = 96000 cal 
Energy spent in heating the coil is Pr = 2000 x 7 
Useful energy produced is 80% = 2000 x t xX 80/100 J 
Useful heat produced is 
_ 2000 x t x 80 
= 100x42 
As this heat is taken by water, 
2000 x z x 80 


cal 


= 96,000 


or t= 96,000 x 100 x 4.2 
= 
2000 x 80 


= 252 s 


Consider the following ¢ 
have been arranged in 
that heat produced b 
current flowing thror 
2 Q resistance 


ireuit (tigure) where some 
a definite order. With the given condition 
y 4 Q resistance is 60 cals! due to the 
igh it, find out the heat 

in calorie per Second, REDE ross 


resistances 


> 40 


12 Q 
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hrough resistances connected 1n 


Same current flows t 
Q resistance 1S PR/J. So 


series. Heat produced in the 6 
602 8 or 1? = 42 or 1 = V42 A 
4.2 
Now the voltage drop across x and y is 
(6+12)V42 = 18V42 V 


s same in every 
he upper part of the circuit 1 
e 2 Q and 4 Q resistances Is 


As this potential drop i area of a parallel circuit, 
the potential drop across t s the same. 


Therefore, current through th 


cisV42)/6 = 3V42 A 
Hence. the heat produced across the 2 Q resistance is 


2 pi 
IR 9x42x2 _ig0cal 


F7 42 


Consider a Wheatstone bridge PORS as shown fi gure where 
istances 10, 20, 20, and 40 


current J is in the circuit of four res! 
Q. Find the ratio of the heat generated in the four arms PQ, 


OR, PS, and SR. 


B Given R, = 10 Q, R, = 20 Q, R, = 20 Q, and R, = 40 2. 


Now, 


R _10_1 
R, 20 2 
a eS 
R, 40 2 
R _ R 
R, R, 


Hence, Wheatstone bridge is balanced. Now as the bridge is 
balanced, no current will flow through arm QS. 


S 
Let J, and J, be the currents flowing in arms | 
respectively. Then potential difference ae P r ie ot i 
potential difference across P and S. That is, — 
I, x 10=1, X20 or I, = 2, 
Therefore, heat produced in arm PQ is 
H =} x 10=40/5 J 


Also heat pr 


oduced in arm QR is E 
H =I x20 = 80155 

Similarly, heat produced in arm PS is 
H, =I; x 20 = 2015 J 

And heat produced in arm SR is 
H,=12x40= 40135 

H, : H, Hy: H7401; : 80 


which is the required ratio. 


72: 2012: 4013 =2:4:1:2 


resistance between his hands of 10 kQ 
accidentally grasps the terminals of a 18 kV power supply. 
(i) Ifthe internal resistance of the power supply is 2000 Q, what 
is the current through the person ’s body? 
(ii) What is the power dissipated in his body? 
(iii) If the power supply is to be made safe by increasing its 
internal resistance, what should the internal resistance 


be for the maximum current in the above situation to be 


1.00 mA or less? 
) Given R = 10 KQ and V= 18 kV. 
To find the current flowing through the body, we need to 
sum up the resistances present in the circuit and divide the 
voltage by it. 
E ae 18 x 10° _ 18x10" 
Rar 10x10°+2x10* 12x10 


“A person with body 


i 1 5A 
2 


(ii) Power dissipated is 
V,=ER= (1.5)? (10000) = 2.25 x 10000 
= 22500 = 22.5 kW 
(iii) To find the internal resistance for the safe limit of power. 
we can use the formula as in part (i). The only difference 
here is / is given and r is to be calculated. 


V 18x10° 
R+r=—= = 6 
poo e 
or r= 18x 106- 10 x 10 = (18 MQ -10 kQ) 
= 18 MQ 


An electric kettle has two coils of same power. When one coil 
is switched on, it takes 15 min to boil water, and when the 
second coil is switched on, it takes 30 min. How long will it 
take to boil water when both the coils are used in (i) series and 
(ii) paralel? 


‘Sol. Heat produced in resistance R in time fis 


For coil 1, 


y? 
AS (5 
l R x 60) 


pe _ — o Heating Effects of Current 7.11 
2, Heat produced in a time interval t, is 
(0 2 i 
ae r asx 60) vel HI) faH = [Rat 
| 2 R, 
| f iven problem, r 2 2 
| coating 10 1° e or H=] (3-2) T an Les 
My 7 Hy ne: 0 lo 3 lo 
l 
530 (ii) Here, current decreases i 
m R “R, from i, to zero exponentially 
| -2R Gii) with half-life of t,. The i-t ʻo 
R; PSN ; , equation in this case is an 
i the coils are used in series, we hav . 
i when both th p , . exponential function like 
fre y f= L tt [as R,=2R | the radioactive decay law. 
s (R +R) 3R o i= ie" 
t 
ere H= M C H,), so where A=In(2)/t, to 
p y? Total charge 
l a5x60)=— ts i . i 
R ai q= f i dt = I, ie dt -(4) 
or t; = (45x 60)s = 45 min l l a l 
< When both the coils are used in parallel, we have oF ade Ot SAE 
) Whe ee, 
. as r Heat produced in time interval dt is 
Vt V 3V R=? 
Heel |r op Oe [as R, = 2R)] dH = i2R dt = A2q2e? R dt 
l] 2 val 
N AR g’Rin(2) 
According to the given problem, or H=A2q?R f eM dt = i= = = 
= = 20 


3y? y? MPLE 7.1% 

o ——xft, =— x (15x 60) CMS L 

2R, R, A variable capacitor is adjusted to its lowest capacıtance Co 

l and is connected with a source of constant voltage V for a 

[oe aa -long time. The resistance of connecting wires is R. Att = 0, its 

capacitance starts to increase so that a constant current / starts 

to flow through the circuit. Calculate at time f, 
(i) power supplied by the source 

(ii) thermal power generated in the connecting wire 

(iii) rate of increase of electrostatic energy stored in capacitor 
(iv) What do you infer from the above three results? 


What amount of heat will be generated in a coil of resistance 
Rdue to a total charge q passing through it if the current in the 
coll 

(i) decreases down to zero uniformly during a time interval tọ 
fi) decreases down to zero halving its value every f, seconds 


i) The current decreases 
uniformly with time; 


(i) Since voltage V of the source is constant and the circuit 


draws constant current / from it, power supplied by the 
source is P= VI. 


therefore, i vs. t curve is (ii) Thermal power generated in connecting wires is H = ZFR. 
a straight line as shown (iii) Since the initial capacitance of the capacitor was equal to 
in. Foie witk alone C, and it was connected with c 
Ba the source for long time, initial 4 ss B 
~ Jolt. Current as a charge on capacitor was q= ` = 
function of time can be ' ahs q 
wri i 
tten as lo Since a constant current 7 I I 
- i ti) starts to flow at ¢ = 0, at time ¢, 
=], — | — . 
0 ‘ charge on capacitor becomes 
l Sa l q =(C,V + It). At time ; 
Area under the i-t graph gives the flow of charge q; 1 ~ on ) et, the rap R 
i circuit will be as shown in E y y, 
refore, figure. Potential difference . y 
j = %4 across the capacitor is 
9 =F (to Mig) OF lo TH á 


: c= V,-V,=(V-IR) —> constant 


Substituting in Eq. (i), we get Therefore, electrostatic energy in capacitor at this instant 


1S 
. 2q t\ 24 2qt 
a j= aaar 


N ff 


l 
aa qv. 
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Rate of increase of electrostatic energy is 


Woly siy -IRI 


A 2° 


fos a 


But power acting across the capacitor at this instant is 

| P-H=(VI- PR) 
while the rate of increase of electrostatic energy in the 
capacitor is half of it. 

(iv) In fact. a force of attraction exists between the plates of 
the capacitor. When these surfaces move toward each 
other, capacitance increases. Hence, the remaining part of 
the power acting across the capacitor is used to increase 
kinetic energy of surface (plate) of the capacitor. 


Three 60 W, 120 V light bulbs A 
are connected across a 120 V 
power line as shown in figure. 
Find (a) the voltage across each 
bulb and (b) the total power 
dissipated in the three bulbs. 


cine 
“Sol 


(a) As bulbs B and C are in parallel, voltage across B and C 
will be the same, i.e., V, = Vo- Further, if R is the resistance 
of each bulb (as bulbs are identical), the resistance of bulbs 
B and C together (=R/2) is in series with resistance R of 
bulb 4 and as in series, potential divides in proportion to 


resistance. 
R 2 
V, a V, =~ x120 =80V 
R+0.5R 3 3 
0.5R 
V, =V = Y= y, =+1%120=40V 
R+0.5R 3 3 


lor 4h, = Vo —V,=120—80=40 y] 
(b) As actual power consumed by a bulb is 
2 2 
pari = Va xW 
R V, 


So the total power consumption is 


P=P, +P, +P, =P, +2P = 


A circuit shown in figure has resistances R, = 20 Q and 
R,= 30 £2. At what value of the resistance R, will the thermal 
power generated in it be practically independent of small 
variations of that resistance. The voltage between the points A 
and B is supposed to be constant in this case. 


sev 


SJD The equivalent resistance between A and B is 


RR, 
R, +R, 
Power generated by R, is P, R, 
The current entering the circuit from point A, 
V 
R 
R, + ay Be 
R +R, 


The current through resistance R, 


R, = Ri + 


[= 


= 4 -f R, 
‘ R aR R, + R, 
' R +R, 
I Ri h 
A VAVAVA 
rit 
-a 
4 S SR 
a 


ee 


_ Power generated in resistance R, 


È a IFR, = OR R, 
i i R R, + RR, + RR, 
For the maximum value, 
dP, _ 
dR, 
or RRFRRIRRA=HAR RR, 
ae = RR, _ 20x30 _ gQ 
© R+R, 20+30 


In an experiment, N identical electrical bulbs, each having 
resistance R, are connected in parallel to a de source of emf E 
and internal resistance r. What is the power consumed by each 
bulb. Also find the percentage change in power consumed by 
each bulb if one bulb turns out. 


Sol. If R is the resistance of each bulb, then the equivalent 
resistance of N bulbs in parallel is R. = R/N. Therefore, curren! 
supplied by battery is i = E/(R/N +7). This current is equally 
divided among all the X bulbs, as potential drop across each bulb 
is the same. So power consumed by each bulb is 


, [R Nr + RY 
M(E an] es 
N 
n be 


With (V1) bulbs, the power consumed by each bulb ca 
obtained by replacing N by (N — 1) in Eq. (i). So. 
, ER li) 
[(N -1)r + RP 


age change in power consumption of each bulb is 


(rN + R) 


a 
Pt ge eis ee a 
potas Carr 1) 100 


ee] x 100 


j i 
Ean 
j 27 
=] + 
Nr 4 Nr+R 


pt vfore. percentage change in power is 


asr << (Ar +R), (- 


Ir 200r 
ie 
wtR (Nr+R) 


rind the power supplied by each battery in the circuit shown 
in figure. 


SL For solving the circuit, let us distribute potentials at 
ifferent junctions of the circuit as shown in figure. 


se © le 


Writing KCL equation for X gives 
X X-10 X+30, X+9 9 
5 10 10 5 
S 2X+X-10+X+30+2X +10 29 
10 
6X=-30 > X=-5V 


Current through the batteries and power supp 
Sven as 


3S 
lied by batteries JS 


I X X +30 
wy = — + — 


5 10 


_]1+2.5=15A 
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Power supplied by 10 V battery 
Fane =¢] = 10x l 5 = 15 W 


25 
and Loy “19 7254 


Power supplied by 30 V battery 
in 30v = el = 30x 2.5 = 75 W 
> sv =0 => Fy =0 


It itich no power will be supplied by 15 V battery. 


How much has a filament diameter decreased due to 
evaporation if the maintenance of the previous temperature 


required an increase of voltage by n = 1.0%. The amount of 


heat transferred from the filament to surrounding space is 
assumed to be proportional to the filament surface area. 


pl.’ From a filament heat generated and transferred to 
murrounditied is always proportional to the exposed surface area of 
the filament thus we have 

On A 
If we consider / as filament length and r is its radius then its 
surface area is given as 


A=2arl 
Power developed in the filament is given by thermal power in it 
2 
pe 
R 


For constant temperature of the filament in steady state we use 
power developed is equal to power radiated to surrounding, so 


we have 
2 


P= L =K.-2rri 
R 


K is a proportionality constant here and R is the resistance of the 
filament which is given as 

pi _ pl _ 4p! 

a mr nD 


: _D , 4pl _4Kpl 
2 nD D 


Taking natural log (In) on both sides of above equation gives 


Inv)? = n| 5 pi | 


=> V 


D 


Differentiating the above equation gives 


yd dD 
i y D 
=> dD y _ PLAY => n% =—-2% 
D y 


Exercises 


7.14 Electrostatics and Current Electricity TT 
7,14 _Etectrostatics and Lurk mere 


Single Correct Answer Type Iil 


he filament of lamp is 2000°C. 
f the material of the filament 
ture is 0°C, then the 
t is switched on is 


1. The operating temperature oft 
The temperature coefficient 0 
is 0.005°C-'. If the atmospheric tempera 
current in the 100 W—200 V lamp when 1 


nearest to Lamp P Lamp Q | 
5 , 
(1)2.5A : : 3 (1) Less bright Brighter | 
(3) 4.5 i l : (2) Less brighter Less brighter 
2. Three identical cells, Less brighter 


each having an emf 1.5 
V and a constant internal 
resistance 2.0 Q, are 


HH HH (3) Brighter 
(4) No change Brighter 
p R 7. A cell of internal resistances r is connected to a load of 
resistance R. Energy is dissipated in the load, but some 


| 
thermal energy is also wasted in the cell. The efficiency of | 
| 


connected in series wih Circuit (i) Circuit (ii) 
4.0 Q resistor R, first as 1n : 
circuit (i), and second as such an arrangement is found from the expression 
in circuit (ii). Then Energy dissipated in the load 
Power in R in circuit (i) _ Energy dissipated in the.complete circuit 
ea enn Which of the following gives the efficiency in this case? | 
(1) 9.0 (2) 7.2 5 
a 
(3) 1.8 (4) 3.0 (1) 9 (2) — 
l r 
3. All bulbs in figure are 

indentical. Which bulb lights 8) — (4) R 
more brightly? R+r R+r 
(1) 1 8. Two identical batteries each of emf E = 2 V and internal 
(2) 2 resistance r= 1 Q are available to produce heat in an external 
(3) 3 circuit. What is the maximum rate of production of heat that 
(4) 4 can be obtained in the external circuit? 

(1) 1W (2)2W 


4. Which of the two switches S, 
and S, shown in figure will 
produce short-circuiting? 


(3)4W (4) 8 W 
1 9. An electric bulb rated for 500 W at 100 V is used in a circuit 
Tr G having a 200 V supply. The resistance R that must be put in 


(1) S T | ai 
a K Ši a series with the bulb, so that the bulb draws 500 W, is 
Ans (1) 18 Q 2) 20 Q 
prasas, ooa m0. 
2 10. If the length of the filament of a heater is reduced by 10°. 


5. Three similar light bulbs are connected to a constant voltage 
dc supply as shown in figure. Each bulb operates at normal 
brightness and the ammeter (of negligible resistance) registers 


a steady current. The `. 
A)- 11 
+ 
Mio aai ~ 


the power of the heater will 
(1) increase by about 9% (2) increase by about 11% 
(3) increase by about 19% (4) decrease by about 10% 

- A constant voltage is applied between the two ends of a 
uniform metallic wire. Some heat is developed in it. The 
heat developed is doubled if 
(1) both the length and radius of the wire are halved 
(2) both the length and radius of the wire are doubled 
(3) the radius of the wire is doubled 


filament of one of the bulbs 
breaks. What happens to 
the ammeter reading and to 
the brightness of the 
remaining bulbs? 


Ammeter reading 


Bulb brightness 


(4) the length of the wire is doubled 


(1) increases increases 
2) increas change iven resi 
> i = unchanged 12. A given resistor cannot carry currents exceeding 20 A, 
unchange change i xceeding i i i 
g unchanged without exceeding its maximum power dissipation ratings: 
(4) decreases unchanged By forced ai i 
g ed air cooling suppose that we increase the rat? 


. The circuit shown in figure contains a battery, a rheostat, 
and two identical lamps. What will happen to the brightness 
of the lamps if the resistance of the rheostat is increased? 


at which heat can be carried by a factor of 2. Now the 
maximum current that the resistor can carry is 


(2) 20V2 A 
oA 
ie 
(i) - 2 W resistors are connected as in figure. 


“ee im „m possible voltage between points 4 and B 


| fhe pe ding the power dissipation limits of any of the 
„hou 
witho . 


sans 1S 
sist” i WW 
{oop 
| WWW 
(2) 3V5 V 


p543 V 5 
4) 2V 
W 


5V 


į, A torch bulb rated 4.5 W, 1.5 V is 

á connected as shown in figure. The 
emf of the cell needed to make the 
þulb glow at full intensity is 
(1) 45V (2) 1.5 V 
(3) 2.67 V (4) 13.5V 

iš, Aheater is designed to operate with a power of 1000 W ona 
line of 100 V. It is connected in combination with resistance 
of 10 Q and a resistance R to line of 100 V. The value of R 
so that the entire circuit operates with a power of 625 W is 


r=2.67Q 


Heater 
10Q 
AN 
R 
(1)5Q (2) 10 
(3) 150 (4) 20 Q 


16. The main supply voltage to a room is 120 V. The resistance 
of the lead wires is 6 Q. A 60 W bulb is already giving 
light. What is the decrease in voltage across the bulb when a 
240 W heater is switched on? 

(1) no change (2) 10 V 

(3) 20 V (4) more than 10 V 

Figure shows a network of three resistances. When some 
Potential difference is applied across the network, thermal 
powers dissipated by A, B, and C are in the ratio 


3R 
C 
WES 
6R 
(1)2:3:4 2j2:4:3 
(3)4:2:3 (4)3:2:4 
18. Resistors P, Q, and R in the Q 
circuit have equal resistances. P 
If the battery is supplying a 
total power of 12 W, what is 
the power dissipated as heat y 
1n resistor R? 
(1)2 W (2)6W 
(3) 3 W (4) 8 W 


19. 


20. 


21. 


22. 


23. 


w 


E Heating Effects of Current 7.15 

Three bulbs of 40 W, 60 W and 100 W are connected in 

series with a 240 V source. 

(1) The potential difference will be maximum across the 
40 W bulb. 

(2) The current will be maximum in 100 W bulb. 

(3) The resistance of the 40 W bulb is minimum. 

(4) The current through the 60 W bulb will be 0.1 A. 

In the circuit shown in 4Q 6 Q 

figure, the heat produced in 

the 5 Q resistor due to the 

current flowing through it is 

10 cals-!. The heat generated 

in the 4 Q resistor is 

(1) 1 cal s”! (2) 2 cals" 

(3) 3 cal s~! (4) 4 cal s` 

A battery of internal resistance 4 Q is connected to the 

network of resistances as shown in figure. In order that the 


maximum power can be delivered to the network, the value 
of R in Q should be 


(1) 


(2)2 


(3) 


wio wolt 


(4) 18 


Four resistances carrying a current shown in figure are 
immersed in a box containing ice at 0°C. How much ice 
must be put in the box every 10 min to keep the average 


quantity of ice in the box constant? Latent heat of ice is 
80 calg“. 


10Q SQ 
VW E 
so 
Mi _ 
SQ 10 Q 
(1) 1.190 kg (2) 3.20 kg 
(3) 4.2 kg 


(4) 0.25 kg 
The three resistances of equal values are arranged in 


different combinations shown below. Arrange them in 
increasing order of power dissipation. 


. WW WY 
l 
>m Ho 
l 
(1) WW 


ae dI) 
-= wj 
l 
~ £ b 
(II) (IV) 


(WW<< sI (2) 1<II<Iv<] 
B)I1<IV<t<y (4) 1< <II < TIV 
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24. 


27. 


28. 


29. 


30. 


ee 


An ideal gas is filled in a closed rigid and thermally insulated 
container. A coil of 100 Q resistor carrying current 1 A for 5 
min supplies heat to the gas. The change in internal energy 
of the gas is 


(1) 10 kJ (2) 30 kJ 
(3) 20 kJ (4) OkJ 
_ The resistance in which the maximum heat is produced is 


given by (figure) 


(1)2Q 
(3) 4Q 


. The resistance of the filament of a lamp increases with 


the increase in temperature. A lamp rated 100 W and 
220 V is connected across 220 V power supply. If the voltage 
drops by 10%, then the power of the lamp will be 

(1) 90 W 

(2) 81 W 

(3) between 90 W and 100 W 

(4) between 81 W and 90 W 


A wire of length L and three identical cells of negligible 
internal resistance are connected in series. Due to the 
current, the temperature of the wire is raised by AT in time ż. 
A number N of similar cells is now connected in series with 
a wire of same material and cross section but of length 2L. 
The temperature of the wire is raised by the same amount 
AT in the same time. The value of N is 


(1) 4 (2) 6 
(3) 8 (4) 9 
An electric immersion heater of 1.08 kW is immersed in 


water. After it has reached a temperature of 100°C, how 
much time will be required to produce 100 g of steam? 


(1) 50s (2) 420s 
(3) 105s (4) 210s 
Two electric bulbs A and B are rated 60 and 100 W, 


respectively. If they are connected in parallel to the same 

source, then 

(1) both the bulbs draw the same current 

(2) bulb 4 draws more current than bulb B 

(3) bulb B draws more current than bulb A 

(4) currents drawn in the bulbs are in the ratio of their 
resistances 

A 25 W, 220 V bulb and a 100 W, 220 V bulb are connected 

in series across a 220 V line; which electric bulb will glow 

more brightly? 

(1) 25 W bulb 

(2) 100 W bulb 

(3) Both will have equal incandescence. 

(4) Neither will give light. 


31. 


32. 


33. 


34. 


35. 


36. 


37. 


38. 


39. 


Two identical heaters rated 220 V, 1000 W are placed in Series 
with each other across 220 V line; then the combined power iş 
(1) 1000 W (2) 2000 W 

(3) 500 W (4) 4000 W 

Figure shows three similar 
lamps L, L, and L, 
connected across a power 
supply. If the lamp L, fuses, 
how will the light emitted 
by L, and L, change? 

(1) no change 

(2) brilliance of L, decreases and that of L, increases 

(3) brilliance of both L, and L, increases 

(4) brilliance of both L, and L, decreases 

Ifa wire of resistance 20 Q is covered with ice and a voltage 
of 210 V is applied across the wire, then the rate of melting 
of ice is 

(1) 8.85 gs" 
(3) 6.56 gs! 
A factory is served by a 220 V supply line. In a circuit 
protected by a fuse marked 10 A, the maximum number of 
100 W lamps in parallel that can be turned on is 

(1) 11 (2) 22 

(3) 33 (4) 66 

It takes 16 min to boil some water in an electric kettle. Due 
to some defect it becomes necessary to remove 10% tums of 
the heating coil of the kettle. After repairs, how much time 
will it take to boil the same mass of water? 

(1) 17.7 min (2) 14.4 min 

(3) 20.9 min (4) 13.7 min 

A 100 W bulb designed to operate on 100 V is to be 
connected across a 500 V source. Find the resistance to be 
put in series so that bulb consumes 100 W only. 

(1) 100 Q (2) 500 Q 

(3) 400 Q (4) 300 Q 

A battery is supplying power to a tape recorder by cable of 
resistance of 0.02 Q. If the battery is generating 50 W power 
at 5 V, then the power received by the tape recorder is 

(1) 50 W (2) 45 W 

(3) 30 W (4) 48 W 

In the diagrams, all right bulbs are identical, and all cells are 


ideal and identical. In which circuit (a, b, c, d) will the bulbs 
be dimmest? 


(2) 1.92 gs! 
(4) none of these 


{i} a= 


yili 
(1) (2) 


|i — |1|+ PEPR 


|i (4) — 9 
eeel l | 
g . 
For the circuit shown, a shorting wire of negligible resistance 
is added to the circuit between 


points A and B. When this shorting 
wire is added, bulb 3 goes out. 


Which bulbs (all identical) in the Ê | f i 
circuit are brighten? ae ' 


(3) 


A 


$$$ 


p2 (2) only bulb 4 


M rads (4) only bulbs 2 d 
( aly bulbs 1 an y S 2 and 4 


itor of capacitance 10 uF is charged up to a potential 
| gh a of 2 V and then the cell is removed. Now it is 
| diffe" ed to a cell of emf 4 V and is charged fully, 

ott polarities of the two cells are in the same dir 
a heat produced in the complete charging proces 


a) 10m pata 


In both 


ections. 
SiS 


(3) 40 ul (4) 80 mJ 
a charge passing through 
a resistor varies with time 
n shown in the figure. The 
mount of heat generated in 
‘ime t is best represented (as 
a function of time) by 


HO á 


H 


geri, A 


42. The relation between R 
and r (internal resistance 
of the battery) for which 
the power consumed in the 
external part of the circuit 


is maximum. 
(I) R=r (2) R=r/2 
(3)R=2r (4) R= 1.57 


43. A resistance R = 12 Q is connected across a source of emf 
as shown in the figure. Its emf changes with time as shown 


in the graph. What is the heat developed in the resistance in 
the first 4 s? 


E(V) r=10 
ea 
1 (8) Source 
(1) 72 J (2) 643 
(3) 108 J (4) 100 J | 
4. In the circuit shown in the 2uF 
ure, the switch S is in | F 
Position 1 for a long time. 100V — 
Now the switch is thrown L) ~~ 
to position 2. Find the i 
total heat developed in the | 
“Icuit till the steady state is 499 y 1 
Teached again. C 
(1) 0.04 J (2) 0.4J 
(3) 0.02 J (4) 0.2 J 


45. A total charge Q flows across 


46. 


47. 


48. 


49, 


50. 
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a resistor R during a time 
€ current versus time graph 
ne curve in the range 0 to 7. 
resistor is 

(2) 2@ R/T 

(4) PERNT 

What amount of heat will be generated in a coil of resistance 
R due to a charge g passing through it if the current in the 
coil decreases to zero uniformly during a time interval T ? 


(R 
MA E qa 
Se: D m 


2T 
4) In| — 
E 5) 


A wire of length L and three identical cells of negligible 
internal resistances are connected in series. Due to the 
current, the temperature of the wire is raised by AT in time £. 
N number of similar cells are now connected in series with a 
wire of the same material and cross section but of length 2L. 
The temperature of the wire is raised by the same amount 
AT in the same time t. Assume no loss of heat from the wire 
to the surrounding. The value of N is 


interval T in such a way that th 
for 0 to Tis like the loop of a si 
The total heat generated in the 
(1) OR/8T 


(3) RIT 


(1) 4 (2) 5 
(3) 8 (4) 6 
ER =2h,= AR 8h = 16R,, find the resistance in which 


maximum heat is generated, if key K is closed: 


(1) R, QR, 
(3) R, GIR, 
The circuit below is made up © 
using identical light bulbs. 


The light bulbs of maximum VA 
brightness of the following aC so > 
will be Z Ma Ma | 
(1) A (2) C | 
(3) D (4) E 


Assuming all bulbs 


are identical, rank the brightnesses of 
the bulbs, from brig 


htest to dimmest. 


E WD 
| T a on 
E F G 
a Aa l 
_ BC _H| 


(1) A >D=H>B=C>E=F=G 
(2) 4> B=C>D=H>E=F=G 
G)A>D=H>E=F=G>pR=¢ 
(4) All have equal brightness 


er 
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Multiple Correct Answers Type 


series across a de source of 500 V, then . 

(1) ratio of potential difference across them is 3/2 
(2) ratio of potential difference across them 1s 4/9 
(3) ratio of power produced in them is 4/9 

(4) ratio of power produced in them is 2/3 


2. An element with emf £ and internal resistance r is connected 
across an external resistance R. The maximum power 
in external circuit is 9 W. The current flowing through 
the circuit in these conditions is 3 A. Then which of the 


following is/are correct? 
(l)e=6V 
(3)r=1Q 


(2)r=R 
(4)r=3Q 


3. Two electric bulbs rated 25 W, 220 V and 100 W, 220 V are 
connected in series across a 220 V voltage source. The 25 W 
and 100 W bulbs now draw P, and P, powers, respectively. 


(1) P,=16W (2) P,=4W 

G)F,=—16 W (4) P,=4W 
4. Two bulbs 25 W, 100 V (upper bulb 

in figure) and 100 W, 200 V (lower 

bulb in figure) are connected in the 

circuit as shown in figure. Choose 

the correct answer(s). 


(1) Heat lost per second in the circuit 
will be 80 J. 


(2) Ratio of heat produced per second in bulb will be 1:1. 
(3) Ratio of heat produced in branch AB to that produced in 


branch CD will be 1:2. 
(4) Current drawn from the cell is 0.4 A. 


5. In figure, battery of emf E has internal resistance r and a 
variable resistor. At an instant, current flowing through the 
circuit is i, potential difference between the terminals of 


cells is V, thermal power developed 
in external circuit is P, and thermal 
power developed in the cell is equal 
to fraction 7 of total electrical 
generated in it. Which of the 
following graphs is/are correct? 


E r 


a 
VV 


(3) 


6. Which of the following statements are correct? 


(1) Ifbulbs of different wattages are joined in parallel, then the 
lowest wattage bulb glows with the maximum brightness. 
(2) If bulbs of different wattages are joined in parallel, then the 
highest wattage bulb glows with the maximum brightness. 


1. Two bulbs consume same energy when operated at sade M 
and 300 V, respectively. When these bulbs are connected in 


1 


< (3) If bulbs of different wattages are joined in series, then the 


= 


. A variable current flows through 


- Two light bulbs shown in 


lowest wattage bulb glows with maximum brightness. 
(4) If bulbs of different wattages are joined in series, then the 
highest wattage bulb glows with the maximum brightness, | 


A battery of emf 2 V and initial resistance.1 Q is connected 


across terminals A and B of the circuit shown in figure. 


Fs ee 


32 
wh = S20 
. Š 
A MAA B 
(20/29) Q R 
S y 


4 dm Ooh Q 
(1) Thermal power generated in the external circuit will be 
maximum possible when R = 16/25 Q. 
(2) Maximum possible thermal power generated in the 
external circuit is equal to 4 W. 
(3) Ratio of current through 3 Q to that through 8 Q is 


independent of R. 
(4) None of above 


. Two electric bulbs rated at 25 W, —220 V and 100 W, -220 


V are connected in series across a 220 V voltage source. 
The 25 W and 100 W bulbs now draw P, and P, powers, 
respectively, 

(I) P; = 16 W 
(3) P,=16W 


(2) P,=4W 
(4) P,=4W 


. In the circuit shown in figure, A 


(1) power supplied by the eee 
circuit is 200 W = 


(2) current flowing in the circuit 
is 5A 3% 
(3) potential difference across 4 C 
Q resistance is equal to the 7 
potential difference across 6 
Q resistance en a 
(4) current in wire AB is zero 


a 1 Q resistor for 2 s. Time 
dependence of the current. is 
shown in the graph. 

(1) Total charge flowing through 


the resistor is 10 C. O P 


(2) Average current through the resistor is 5 A. 
(3) Total heat produced in the resistor is 50 J. 
(4) Maximum power during the flow of current is 100 W. 


the circuit have ratings 
A (24 V, 24 W) and B (24 V 


A 
and 36 W) as shown. When 12v H 


the switch is closed, - 


(1) the intensity of light bulb 4 increases 
(2) the intensity of light bulb 4 decreases 
(3) the intensity of light bulb B increases 
(4) the intensity of light bulb B decreases 


ye 


cuit consists of two capacitors, a resistor, and an 
so rage source: The circuit is initially at steady state 
deal V? conducting wire is 
Now 4 across the capacitor C 
shore on bY dotted line. After 
as PO" the wire, select the 


Fy 


(X 


peat 
(" circuit is 2 cv 


y) heat developed in the circuit is CH 
8) work done by battery is 4 CV?/3 
i) total potential energy change in both capacitors is 
a CV°RB. 
3, AB is part of a circuit as shown that absorbs energy at a rate 
* cf50 W. Æ is an emf device that has no internal resistance. 


(1) Potential difference across AB is 48 V. 

(2) Emf of the device is 48 V. 

(3) Point B is connected to the positive terminal of E. 

(4) Rate of conversion from electrical to chemical energy is 
48 W in device E. 

14. The switch S has been closed for 

long time and the electric circuit 

shown caries a steady current. 

Let C, = 3.0 uF, C, = 6.0 pF, R, 

=4.0 KQ, and R, = 7.0 k Q. The 

power disssipated in R, is 2.8 W. 

(1) The power dissipated to the resistor R, is 1.6 W. 

(2) The charge on capacitor C, is 240 uC. 

(3) The charge on capacitor C, is 440 pC. 

(4) Long time after switch is opened, the charge on C, is 
660 uC. 
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(2) 16V 
(4) None of these 


MIV 
(3) 24 V 


For Problems 4-6 


” A each of the segments (e.g., AE, GM, etc.) has resistance 
l: battery of emf V is connected between A and C. Internal 
resistance of the battery is negligible. 


4. What is the equivalent resistance of the system about A 
and C? 


x 
(1) r 2) - 
) as 
gz (4) 2r 
2 
5, Find the ratio of the power developed in segment AE to that 
in segment HM. 
(1) 1 (2) 2 
(3) 3 (4)4 


6. If a potentiometer circuit having potential gradient ķ is 
connected across the points H and C, the balancing length 
shown by the potentiometer is 


set Conort iE C al 


For Problems 1-3 
“l bulbs consume same power. The resist 
46. Answer the following questions: 

3 2 


ance of bulb 1 is 


J 


H 


1. What is the resistance of bulb 3? 


(1)4Q (2)92 
(3)12Q (4) 18 2 
2. What is the resistance of bulb 4? 
(1)4Q (2) 92 
(3) 12Q (4) 182 rh 
3. What is the voltage output of the battery! e power of each 
bulb is 4 W? 


~ 


V 2V 
(1) — 2): 
k i 3k 
3y 
(3) — (4) none of these 
2k - 
For Problems 7—9 
Refer to figure. 
3 uF 


10 V 


7. At t = 0, the switch is closed. Just after closing the switch, 
find the current through the 5 Q resistor. 
4 2) 
(I) ŽA 2) = 
5 (2) z A 


¢ 
(3) <A (4)2A 


8. Long time after closing the switch, find the current through 
the 5 Q resistor. 
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a) ta (2) 
5 


DET (4) 
5 


9. Now the switch is opened after closing it for a long time. 


Find the total energy dissipated in the system. 

(1) 40.8 pJ (2) 50.8 yJ 

(3) 40 pI (4) None of these 
For Problems 10-14 
Ram and Shyam purchased two electric tea kettles A and B of same 
size, same thickness, and same volume of 0.4 L. They studied the 
specification of kettles as under 
Kettle 4: 
Specific heat capacity = 1680 Jkg'K!; Mass = 200 g; Cost = 
= 400. 
Kettle B: 
Specific heat capacity = 2450 Jkg'K-!; Mass = 400 g; Cost = 
X 400. l 

When kettle A is switched on with constant potential source, 

the tea begins to boil in 6 min. When kettle B is switched on with 
the same source separately, then tea begins to boil in 8 min. The 
efficiency of kettle is defined as 


Total energy supplied 


They made discussion on specification and efficiency of 
kettles and subsequently prepared a list of questions to draw the 
conclusions. Some of them are as under (assume specific heat of 
tea liquid as 4200 Jkg1K"' and density 1000 kgm”.) 

10. Efficiency of kettle A is 
(1) 63.34% 
(3) 93.34% 
11. Efficiency of kettle B is 
(1) 82.5% (2) 72.5% 
(3) 92.5% (4) 62.5% 
12. Ratio of efficiency consumed charges for one time boiling 
of tea in kettle A to that in kettle B is 
(1)3:5 (2)2:3 
(3)3:4 (4)1:1 
13. If resistances of coil of kettles A and B are R, and R, 
respectively, then we can say 
(GJR >R 2) R =R 
(3) R <4, 
(4) cannot be ascertained by above data 
14. If both the kettles are joined with the same source in series 
one after the other, then boiling starts in kettle A and kettle 
B after 
(1) four times of their original time 
(2) equal to their original] time 
(3) two times of their origina] time 
(4) cannot be ascertained by the above data 
For Problems 15-17 
Important aspect of fuse wire and battery 
Electric fuse is a protective device used in series with an electric 
circuit or an electric appliance to save it from damage due to 
overheating produced by strong current in the circuit or application. 


(2) 83.34% 
(4) 73.34 % 


Fuse wire is generally made from an alloy of lead and tin, which has 
high resistance and low melting point. It 1s connected in series in 
an electric installation. Ifa circuit gets accidentally short-circuited 
a large current flows, then fuse wire melts away, which causes a 
break in the circuit. The power through fuse (F’) is equal to far 
energy lost per unit area per unit time (A) (neglecting heat loses 


from ends of the wire). 
P=P R= hx2arl l eal 
mr 


where rand / are the length and radius of fuse wire, respectively 

A battery is described by its emf (E) and internal resistance (r), 
Efficiency of a battery (n) is defined as the ratio of the output 
power to the input power 


= Output power 100% 
Input power 


But /= E/(R + r), input power = EI. 
Output power = EI — I 2r, then 


2 
n= zir «100{ 1 ]x100 
EI E 
R+r)\ E R+r 


We know that output power of a source is maximum when the 
external resistance is equal to internal resistance, i.e., R 5r. 

15. Two fuse wires of same potential material have length ratio 
1: 2 and ratio 4:1. Then respective ratio of their current 
rating will be 
(1)8:1 (2)2:1 
(3)1:8 (4)4:1 

16. The maximum power rating of a 20.0 Q fuse wire is 
2.0 kW. This fuse wire can be connected safely to a DC 
source (negligible internal resistance) of 
(1) 300 V (2) 190 V 
(3) 250 V (4) 220 V 

17. Efficiency of a battery (nonideal) when delivering the 
maximum power is 


) 100 


(1) 100% (2) 50% 
(3) 90% (4) 40% 
Matrix Match Type IIl 


1. In figure, the resistance R is variable, and r is the internal 
resistance of the battery of emf £. 


Column | See 
i. Terminal potential difference 
across the cell to be maximum 


ii. Power transferred to R is less 
than the maximum possible 
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pated in the cell is 


wer dissi 
jii. xi : 
test drift of ions in the 
j Pet olyt in the cell will be for 
e 

at ae "a igure, four cells are arranged. In 
olun 1, the cell number is given, while in Column II 
f statemen S related to cells are given. Match the entries 
column | with the entries of Column T. 
0 


i. Equivalent resistance across the 
battery 


a. remains same 


ii. Power dissipated by left b. increases 


resistance R 


c. decreases 


5. Consider two identical cells each of emf E and internal 
resistance r connected to a load resistance R. 


Teoumnt | Cohan 
i. Maximum power transferred 


4E? 
to load if cells are connected a. 
| i, Cell I Chemical f cel vasa ! i 
Eke a. Chemical e i f 
fe d ag nee OPTEN I8 ii. Maximum power transferred E2 
ee alae to load if cells are connected b. — 
i. Cell H b. Chemical energy of cell is in parallel 2r 
| ee iii. Power transferred to load if : 
c. Work done by cell is positive cells are connected in series | c. Eg =F. Fag = 5 
; : | 2 
iv. Cell IV d. Thermal energy developed in cell is and R =r 
| positive iv. Power transferred to load if | EE- =2E «.=2> 
5 og "eg 
l , , cells are connected in parallel 
3. Figure shows a charging circuit of a capacitor. At t = 0, Sis andR=r 
closed. 
C R 6. Column I shows the arrangements ofbulbs 4, B, and C having 


rated powers P,, P,, and Po~ respectively (P, > P, > P.). 
Each bulb is operating at same rated voltage V. Column H 


lists information about intensities of bulbs. Match the 
s statements of two columns. 


Commi o ee ee 

_ i. When the charging rate of the 

| capacitor is maximum, the 

current through R is 

ii. When charge on the capacitor is 
maximum, the current through 
Ris 

iii. When the power supplied by the 
battery is maximum, charge on 
the capacitor is 

iv. The difference in the power 

supplied by battery and power 

consumed in R at = 01s 


a. A is glowing with 
minimum intensity 


a. maximum 


b. minimum but 
not zero 


b. A is glowing 
with maximum 
brightness 


d. not equal to 
zero 


ure, battery, ammeter, and 
tch Sis initially closed as 
ed, match the parameter 
Column I. 


4. In the circuit shown in fig 
voltmeter are ideal and the sw! 
shown. When switch S is ope? 
in Column I with the effects 10 


y aN 
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c. B is glowing with 
minimum brightness 


d. Cis glowing with 


minimum brightness 


| 


L 
Numerical Value Type iil 


1. A heating coil is rated 100 W, 220 V. The coil is cut in half 
and two pieces are joined in parallel to the same source. 
Now what is the energy (in x10? J ) liberated per second? 

2. Three identical resistors are connected in series. When a 
certain potential difference is applied across the combination, 


the total power dissipated is 27 W. How 
the pow 


many times 


connected in parallel across the same potential difference? 
3. Ifin the circuit shown in figure, 


power dissipation is 150 W, 
then find the value of R (in Q). 


R 


2 Q 


ISV 


4. Two circular rings of identical radii and resistance of 36 Q 
each are placed in such a way that they cross each other’s 
center C, and C, as shown in figure. Conducting joints are 
made at intersection points 4 and B of the A 
rings. An ideal cell of emf 20 V is 
connected across A and B. Find the power b 
delivered by the cell (in 10? W). 

5. A 10 m long nichrome wire having 80 Q = 
resistance has current carrying capacity of 5 A. This wire 
can be cut into equal parts and equal parts can be connected 
in series or parallel. What is the maximum power which can 
be obtained as heat by the wire from a 200 
(in kW) 

6. An electric current of 2.0 A passes 
resistance 25 Q. How much heat wi 
1 min ? (in x 10? J) 

7. Two identical batteries each of emf £ = 2 V and internal 
resistance r = 1 Q are available to produce heat in an 
external resistance by passing a current through it. What is 
the maximum power (in W) that can be developed across an 
external resistance R using these batteries? 


V mains supply? 


I] be developed in 


er would be dissipated if the three resistors were 


through a wire of 


8. Each of three resistors in figure has a resis 


and can dissipate a maximum of 36 W withou 


excessively heated. What is the maximum powe 
circuit can dissipate? 


t becomin 


T (in W) the 


AM 
AAMA ——e 


VAVAVAY 


. A battery has an open circuit potential difference of 6 y 
between its terminals. When a load resistance of 60 Q is 
connected across the battery, the total power dissipated by 
the battery is 0.4 W. When a load resistance ( R) is connected 
with such battery the power dissipated in the circuit iş 
maximum. Calculate the power dissipated in R in Watt. 
A 500 W heater is designed to operate at 200 V potential 
difference. If it is connected across 160 V line, find the heat 
(in kJ) it will produce in 20 minutes. 
11. A storage battery with EMF E = 2.6 V loaded with and 
external resistance produces a current / = 1.0 A. In this case 
- the potential difference between the terminals of the storage 
battery equals V = 2.0 V. Find the ratio of the thermal power 
generated in the battery to the power supplied by the battery. 
A battery of emf £ fitted with a resistor R in series supplies 
current to the resistors between 4 and B in the upper part of 
the circuit. If the power dissipated in the network between 4 
and B as shown by rounded dotted line, does not get affected 


10. 


12. 


~ 
~ 


13. In the circuit shown in figure a 


Capacitor of capacitance 5 uF is 
connected to a source of constant 
emf of 200 V. Then the switch was 
shifted to contact 2 from contact 1. 
Find the amount of heat generated in 
the 400 Q resistance in mJ. 


Five identical bulb rated as 100 W, 250 volt are connected 
as shown in the figure with a battery of emf ¢ = 260 V and 


internal resistance 20 Q. Find power loss in the bulb 4 in 


watts, 4 ee ee 
gy |e 


+ 


14. 


5 
1 
1 
/ 
I 
I 


Liwww 
m 


A 20 V battery with an internal resistance of 5 Q is 
connected to a resistor of x Q. If an additional 6 Q resistor 
is connected across the battery, find the value of x in Q s0 
that external power supplied by battery remains the same. 


Sa 
tance of 2.4 Q 


T 


| 


yee oe : 
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g MAIN Multiple Correct Answers Type 


a correct Answer Type 
in 
gi o electric bulbs marked 25 W-220 V and 100 W-220 y 


|. m connected in series to a 440 V supply. Which of the 
pulbs will fuse? 
(1) Both 

(3) 25 W 


(2) 100 W 


(4) Neither (AIEEE 2012) 


5, The supply voltage to a room is 120 V. The resistance of the 


jead wires is 6 Q. A 60-W bulb is already switched on. What 
is the decrease of voltage across the bulb, when a 240-W 
heater 1S switched on in parallel to the bulb? 

(1) 2.9V (2) 13.3 V 


(3) 10.04 V (4)0V (JEE Main 2013) 


3, Ina large building, there are 15 bulbs of 40 W, 5 bulbs of 


100 W, 5 fans of 80 W and 1 heater of 1 kW. The voltage 
of the electric mains is 220 V. The minimum capacity of the 
main fuse of the building will be 


(I) 12A (2) 14A 
3)8A (4)10A (JEE Main 2014) 
JEE ADVANCED 


Single Correct Answer Type 


ee 


1. Incandescent bulbs are designed by keeping in mind that 


the resistance of their filament increases with the increase 
in temperature. If at room temperature, 100 W, 60 W, and 
40 W bulbs have filament resistances Rico» Rer and Ry 


respectively, the relation between these resistances is 


(1) j1ot,t (2) Rioo = Ry + Ro 
Rio Ry Roo 
4 l i > i 
3) Rig > Reo > Rao O R,, 
(IIT-JEE 2010) 


1. For the circuit shown in the figure, 


a 
2kQ= Rj 
24V — 


6kQ= Ro REŽ 15kQ 


(1) the current / through the battery is 7.5 mA 
(2) the potential difference across R, is 18 V 
(3) ratio of powers dissipated in R, to that in R, is 3 
(4) if R, and R, are interchanged, the magnitude of the power 
dissipated in R, will decrease by a factor of 9 
(IIT-JEE 2009) 


. Heater of an electric kettle is made of a wire of length L and 


diameter d. It takes 4 minutes to raise the temperature of 
0.5 kg water by 40 K. This heater is replaced by a new heater 
having two wires of the same material, each of length L and 
diameter 2d. The way these wires are connected is given in 
the options. How much time in minutes will it take to raise 


the temperature of the same amount of water by 40 K? 
(1) 4 if wires are in parallel 
(2) 2 if wires are in series 

(3) 1 if wires are in series 

(4) 0.5 if wires are in parallel 


Numerical Value Type 


1. When two identical batteries of internal resistance 1 Q each 
are connected in series across a resistor R, the rate of heat 
produced in R is J. When the same batteries are connected 
in parallel across R, the rate is J,. If J, = 2.25 J,, then the 

(IIT-JEE 2010) 


value of R in Q is 


Answers Key 


XERCISES 
‘ingle Correct Answer Type 5. (4) 
1.(4) 2. (1) ans o 10. (2) 
6.(1) 7. (4) 8. (2) A (4) 15.0) 
ug 2o BO 7 (1) 20.(2) 
wa 1.0 BO ao 50 
aug 20) 2BD 3.68) 300) 
sa 279 BO ao 35-2) 
31.3) 32 BO wo A 
3.3) 37.4) 380 wo E0 
4.3) 42.2) BO po 0 


Multiple Correct Answers Type 


1. (2),(3) 2. (1),(2),Q) 3. (DAD 
4.(1),(4) 5. (1),(2),(3),(4) 6. (2),(3) 
7.(1),(3) 8. (1),(4) 9. (1),G3) 
10. (1),(2),(4) 11. (2),(3) 12. (1),(2),(4) 
13. (2),(4) 14. (1),(2),(4) 
Linked Comprehension Type 
1. (2) 2.(1) 3. (2) 4. (3) 5. (4) 
6. (2) 7. (4) 8. (3) 9. (1) 10. (2) 
11. (2) 12. (3) 13. (2) 14. (1) 15. (1) 
16. (2) 17. (2) 


(JEE Advanced 2014) 
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| Matrix Match Type 


ek — c.i ii. — a., b.. c., d.; iii. 3 d.; iv. 3 d. 


Ww N m 


oka. d. ii. Oe. ili. — c.i iv. > C. 
<ii — c.i ili. — c; iV. cC. 
„i. 3 b., diy ii. — b., c.; iii. — a., d.; Iv. > a., C. 


n e 
L 
io” 


6.1. > dip ii. — c.; iii. — a.; iv. > b., d. 
e- 
= Numerical Value Type 
B 1. (4) 2. (9) 3. (6) 4. (1) 
6. (6) 7. (2) 8. (54) 9. (0.3) 
11. (0.3) 12. (20) 13. (44.4) 14. (25) 


„i. — b., d.: ii. — a., c., d; iii. — a., c., d.; iv. > b., d. 


5. (2) 
10. (384) 
15. (7.5) 
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JEE Advanced 
Single Correct Answer Type 
1. (4) 
Multiple Correct Answers Type 
1.(1),(4) = 2. (2),(4) 
Numerical Value Type 


1. (4) 


